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Abstract 
Mixed contamination of polyaromatic hydrocarbons (PAHs) and metals are 
ubiquitous in the environment. Some of the individual PAHs are known as human 
carcinogens, and metals are associated with various systemic toxicity and cancers in 
humans. Although the individual toxicity of PAHs and metals are well documented, 
our present state of knowledge about the adverse health effects of these mixtures is 
very limited in terms of exposure associated toxicity in humans, the underlying 
mechanism of toxicity and predicting the toxicity of mixtures. Due to this, their risk 
assessment has been mostly carried out based on their individual toxicity data. 
This research work investigated the interaction and combined toxicity of four PAHs 
(benzo[a]pyrene (B[a]P), naphthalene, phenanthrene, and pyrene) and three metals 
(arsenic, cadmium and lead) in HepG2 cells. The mixture of PAHs and metals were 
evaluated for their combined effects on the cytotoxicity, oxidative stress response, 
genotoxicity, cell cycle parameters, and AhR (aryl hydrocarbon receptor) activity. 
The toxic endpoints were selected based on the knowledge of the individual toxicity 
of PAHs and metals. A human liver cell line (HepG2 cell line) was selected as a test 
system due to its inherent metabolic capacity and is well established for toxicological 
research.  
The individual and binary to quaternary mixtures of B[a]P and metals were found to 
be toxic to HepG2 cells. The combination index (CI)-isobologram method predicted 
the response of synergism, additivity or antagonism at different effect levels of 
mixtures (IC10 to IC90). In general, all the mixtures displayed synergism and 
antagonism at low and high effect levels, respectively. The CI method could be 
better for predicting the mixture toxicity compared to those of concentration addition 
(CA) and independent action (IA) model.  
Since oxidative stress is one of the common modes of action of metals and PAHs, 
the individual and mixtures of PAHs and metals were evaluated for their effects on 
the Nrf2 antioxidant response pathway (an indicator of oxidative stress response) in 
the ARE reporter-HepG2 cells. Both individual and binary to seven-component 
mixtures of PAHs and metals activated the Nrf2 antioxidant response pathway. 
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The mixture effect is well predicted by the CA model with the exception of 
underestimation of few mixture combinations. 
Based on the effects of mixtures of PAHs and metals on cytotoxicity and oxidative 
stress response, studies were conducted to define the relationship between oxidative 
stress parameters (reactive oxygen species (ROS) generation and total glutathione 
(GSH) level) and the observed cytotoxicity in HepG2 cells. The binary mixtures of 
metals and mixtures of B[a]P with metals showed significant interaction on the 
cytotoxicity. All the six mixtures increased the ROS production, but the total GSH 
level was increased or decreased depending on the concentrations and types of 
mixtures, respectively. The results emphasised the significant role of oxidative stress 
parameters in the mixture toxicity of B[a]P and metals. 
Some PAHs and metals are known carcinogens. A flow cytometry based 
micronucleus (MN) test was used to evaluate the genotoxicity of mixtures of PAHs 
and metals in HepG2 cells. In addition, the effects of mixtures on cell cycle 
parameters and the AhR activity were also evaluated. The mixture studies were 
designed to evaluate the effects of metals and/or PAHs on MN formation of B[a]P. In 
general, the mixture of metals or PAHs increased or decreased the genotoxicity of 
B[a]P, respectively. The observed genotoxic effect of mixtures of PAHs and metals is 
well correlated with the changes in cell cycle parameters and AhR activation. 
Soil is the major sink for both PAHs and metals. Studies with spiked and 
contaminated soil samples were conducted to understand the toxicity of the 
bioaccessible fraction of PAHs and metals in soil. The soil samples were spiked with 
metals or B[a]P and aged for a period of three months. The bioaccessibility and 
toxicity were assessed using the Unified BARGE method (UBM) method and HepG2 
cell based bioassays (cytotoxicity and oxidative stress response), respectively. A 
higher % of bioaccessibility was obtained for metals and but not for B[a]P. The 
bioaccessible fraction of metals in the UBM extract was not toxic to HepG2 cells, 
however the individual or mixtures of metals induced the oxidative stress response at 
this concentration in the Nrf2 antioxidant assay.  
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In conclusion, the toxicity of selected mixtures of PAHs and metals was determined 
using human cell based bioassays. In this project, various bioassays, including 
HepG2 cell based ARE-Nrf2 antioxidant response pathway and AhR-CAFLUX 
assays, and flow cytometry based MN test were standardised for mixture studies. 
The observed or predicted interactions among these mixtures vary depending on the 
toxic endpoints, concentrations, and the number of individual chemicals that are 
present in the mixtures. Therefore, the traditional CA or IA model for health risk 
assessment may over or underestimate the risk of mixtures. Further mechanistic 
studies will be useful to understand the observed effects in various toxic endpoints. 
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1. Introduction 
It is becoming evident that humans are continuously exposed to a plethora of 
chemicals from food, medicinal agents, occupational activity, and contaminated 
sites. Exposure to chemicals begins in utero and continues throughout life. 
Toxicological risk assessment of individual chemicals provides the quantitative 
estimate of its possible effects on human health. When humans are exposed to 
chemicals, they are not exposed to a single chemical only, but simultaneous or 
sequential exposure occurs to a mixture of chemicals. The standard definition of a 
chemical mixture is any set of multiple chemicals, regardless of source that may or 
may not be identifiable that may contribute to joint toxicity in a target population 
(USEPA 2000, ATSDR 2004a). There is a huge data gap in the toxicology of 
chemical mixtures and mixtures are considered as one of the toxicology’s huge 
unknowns. Since in most cases, the component of the mixtures has not been known 
and the risk associated with the chemical mixtures also not characterised properly 
(Mumtaz et al. 2010). The most common contaminants present in the environment 
comprise both organic and inorganic chemicals, including pesticides, herbicides, 
dioxins, polyaromatic hydrocarbons (PAHs), polychlorinated biphenyls, volatile 
organic compounds, and the inorganic contaminants, lead, mercury, cadmium, 
arsenic, copper, and nitrate. Among the various groups of environmental 
contaminants, PAHs and metals are the two common groups of chemicals frequently 
encountered in the environment (Silins et al. 2011, ATSDR 2015). The accumulation 
and contamination of these ubiquitous contaminants have been ongoing since the 
dawn of the industrial revolution.  
Metals are naturally occurring elements in the environment and have played a 
significant role in the progress and success of human civilization. Most of the metals 
are only sparingly recycled and along with anthropogenic contribution, they tend to 
persist in the environment often resulting in continuous exposure to humans and 
other organisms. Some of the metals have been used since ancient times and 
known as one of the oldest human toxicants. For example arsenic (As) has been 
known as the poison of kings and the king of poisons. Lead (Pb) has been used by 
humans for at least 7000 years. Cadmium (Cd) was first recognised in early 1800 
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until recently the use of Cd was quite limited. But now it has become as an important 
metal with many uses (Tokar et al. 2012). 
PAHs are a class of organic compounds formed during the incomplete combustion 
processes and found at high levels in charcoal-broiled food, cigarette smoke and 
diesel exhaust. PAHs are widespread in the environment and pose a substantial risk 
to humans. Benzo[a]pyrene (B[a]P) is a representative PAH that has been 
extensively studied and well documented for its carcinogenicity (IARC 2010). 
The possibility of simultaneous or sequential exposure to mixtures of PAHs and 
metals is higher compared to other toxicants due to their ubiquitous presence in the 
environment, examples, automobile exhaust, cigarette smoke and exposure in the 
occupational environment. This co-contaminant exposure has attracted significant 
attention due to their known carcinogenic potential and systemic toxicity. The 
literature survey of mixture toxicity of PAHs and metals suggests that 
1. The mixture toxicity of PAHs and metals are not studied extensively. The 
available data are limited to only of interaction between B[a]P and metals 
on genotoxicity and metabolism. The reported interaction effects between 
PAHs and metals are inconsistent and inconclusive. 
2. Most of the interaction studies did not use any predictive models to assess 
the mixture toxicity and the data are restricted to binary mixtures. 
3. The combined toxicity of PAHs and metals on various biological endpoints 
is required for better understanding and risk assessment of mixtures, 
particularly containing both organic and inorganic compounds. 
Given the complexity of interaction between these chemicals and the involvement of 
the huge cost and ethical issues, it is difficult to use the animal models for toxicity 
evaluation of all possible combinations of PAHs and metals. The advancement and 
development of in vitro screening assays make them powerful tools for evaluation of 
chemical exposure related early cellular changes (signaling pathway perturbation) 
and also the mode of action of chemicals. Human cell lines (one of many choices) 
based assays are high-throughput and provide mechanistic information for better risk 
assessment. In this project, human liver cell line based-bioassays are used to 
evaluate the mixture toxicity of PAHs and metals. 
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The toxicity or toxic response of chemicals depends on the concentration that 
reaches the site of action. The total amount of the applied dose of a chemical that 
actually reaches the target organ depends on its physico-chemical properties and 
the net result of absorption, transport, biotransformation and excretion. It is essential 
to better understand the bioavailability of chemicals and biological effects of this 
bioavailable fraction for improved risk assessment of chemicals. Since the toxicity of 
chemical depends on the bioavailability of chemicals, animal based models are used 
to define the oral bioavailability of chemicals. The animals with similar 
gastrointestinal characteristics to human physiology such as immature swine are 
preferred for measurement of bioavailability. Environmental bioavailability refers to 
the fraction of total chemical in the environment that is available for absorption. Due 
to the reasons such as expensive, time consuming and ethics, the in vitro models 
are developed to estimate the bioaccessibility of chemicals. "If bioaccessibility is 
greater than bioavailability, it will provide a more conservative measure of 
bioavailability. The approach of determining the bioaccessibility of chemicals in soil 
and toxicity assessment of a bioaccessible fraction is expected to improve the risk 
assessment of chemicals.  
1.1. Background of the research project 
This research work is part of a research project entitled “Assessing the risk to human 
health and the environment from mixed contamination (Project number 3.1.01.11-
12)”, funded by the Cooperative Research Centre for Contamination Assessment 
and Remediation of the Environment (CRC CARE), Australia (Figure 1-1). The 
overall objective of the project is to develop tools for the determination of 
bioavailability as predicted by bioaccessibility and interaction toxicity of PAHs and 
metals, and their mixtures using in vitro systems for risk assessment of mixtures. My 
PhD research work focuses on the toxicity evaluation of PAHs and metals using the 
human cell-based bioassays. The bioaccessibility of PAHs and metals was also 
determined by other PhD students. The results from my research work complement 
the bioaccessibility data and provide a broader knowledge of bioavailability and 
toxicity of mixtures of PAHs and metals that facilitates a more refined risk 
assessment of these mixtures. A total of seven chemicals, four PAHs 
(benzo[a]pyrene, naphthalene (Nap), phenanthrene (Phe), and pyrene (Pyr)) and 
two metals (cadmium and lead) and one metalloid (arsenic) are selected for the 
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project work based on the survey conducted by CRC CARE in the contaminated 
sites, including former manufactured gas plant sites in Australia. Mixed 
contamination of B[a]P and metals (As, Cd and Pb) in the environment have gained 
considerable attention due to their adverse health effects to humans. Arsenic, Pb, 
Cd, and B[a]P are listed as top priority pollutants (ranked as 1, 2, 7 and 8th) in the 
Agency for Toxic Substances and Disease Registry (ATSDR) substance priority list 
(ATSDR 2015). The US Environmental Protection Agency (USEPA) has reported 
that a mixture of both organic and inorganic contaminants is present at 40% of 
hazardous waste sites (Olaniran et al. 2013). PAHs and metals are the major 
contaminants found in the contaminated sites along with other contaminants 
(Thavamani et al. 2012, Panagos et al. 2013). The available epidemiological studies 
suggest that co-exposure to arsenic and PAHs is common in the environment 
(Pershagen et al. 1981, Hertz-Picciotto et al. 1992, Ferreccio et al. 2000, Chen et al. 
2004). The possibility of simultaneous or sequential exposure to mixtures of B[a]P 
and As, Cd or Pb is higher compared to other toxicants due to their ubiquitous 
presence in the environment, examples automobile exhaust, cigarette smoke 
containing B[a]P, and Cd, and simultaneous or sequential exposure to these metals 
and PAHs at occupational places. 
 
 
Figure 1-1 Project outline- CRC CARE-Risk assessment 
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1.2. Research hypothesis  
The hypothesis of this project is based on the assumption of toxicological interaction 
effects between PAHs and metals that may contribute to their combined toxicity. The 
research work is planned to address the following research questions.  
 To determine or predict the kind of interactions between PAHs and metals on 
various biological endpoints, additivity or synergism or antagonism? 
 Do metals increase or decrease the toxicity of PAHs, especially B[a]P? 
 Is toxicity of B[a]P increased or decreased by other PAHs mixtures? 
 Is the toxicity at low dose levels different from high dose levels? 
 Does the nature of interaction vary between the toxic endpoints or 
parameters? 
To address the above questions the following aim and objectives are selected. 
1.3. Aim and objectives  
1.3.1. Aim 
The aim of this project is to determine the combined toxicity and interaction of PAHs 
and metals using a human cell based bioassays.  
1.3.2. Objectives 
1. Development of in vitro bioassays to evaluate the mixture toxicity on various 
toxic endpoints. 
2. To determine the effect of mixtures of PAHs and metals on cytotoxicity in 
HepG2 cells and comparison of the predicted mixture response based on 
various mathematical models. 
3. To determine the effect of mixtures of PAHs and metals on oxidative stress 
response using a reporter gene assay system. 
4. To evaluate the role of oxidative stress in the toxicity of PAHs and metal 
mixtures. 
5. To determine the effect of mixtures of PAHs and metals on genotoxicity 
6. To determine the effect of PAHs and metals on aryl hydrocarbon receptor 
(AhR) activation using a reporter gene system 
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7. To determine the bioaccessibility and interaction toxicity of bioaccessible 
fraction of PAHs and metals in soil using an in vitro bioassays  
8. To generate new knowledge contributing to the larger project that can be 
utilised by regulatory agencies and risk assessors to make an informed 
decision for site remediation and risk management with reduced uncertainty in 
order to achieve adequate protection of human health of the sites 
contaminated with PAHs and metals.  
1.4. Research plan 
1.4.1. Selection of toxic endpoints 
The parameters for toxicity evaluation are selected based on the mode of the action 
of individual PAHs and metals 
1. Aryl hydrocarbon receptor activation- AhR plays a major role in the 
metabolism and toxicity of PAHs 
2. Oxidative stress – a common mode of action for both metals and PAHs 
i. Nrf2 (nuclear factor (erythroid-derived)-like 2) antioxidant pathway 
activation 
ii. Reactive oxygen species (ROS) generation 
iii. Total glutathione (GSH) level 
3. Genotoxicity- B[a]P, As and Cd are human carcinogens. A flow cytometry 
based micronucleus (MN) test will be established for genotoxicity evaluation 
of mixtures of PAHs and metals. 
4. Cytotoxicity- generalised endpoint for toxicity evaluation of chemicals using in 
vitro assays. 
1.4.2. Mixture toxicity studies 
The mixture toxicity of PAHs and metals are to be evaluated using three different 
approaches. The summary of the selected approaches is provided in Figure 1.2. 
The initial studies are planned with pure compounds of PAHs and metals to assess 
the interaction toxicity of PAHs and metals and also as the point of reference for the 
toxicity studies with soil samples. Since the data are very scarce for mixture toxicity 
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derived from both organic and inorganic contaminants. This approach is expected to 
provide the effects of PAHs and metals on various toxic endpoints.  
The details of the research plan and studies with soil samples are provided in the 
following section.  
 
Figure 1-2 Research plan for toxicity assessment of PAHs and metals 
 
1.4.3. Individual and mixture toxicity of PAHs and metals 
The combined toxicity of PAHs and metals will be evaluated using the “individual 
component based approach”. This approach will take into account of the dose 
response of individual chemicals and mixtures, and prediction models are used to 
predict the mixture toxicity. 
The details of the bioassays, method development and mixture models are provided 
in Figure 1.3 
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Figure 1-3 Summary of bioassays, study parameters and mixture prediction 
models for assessment of mixture toxicity of PAHs and metals 
 
1.4.4. Toxicity evaluation of soil spiked with PAHs and metals  
Soil samples will be collected from different locations in Australia and spiked with 
PAHs and metals. The toxicity of metals and PAHs in the bioaccessible fractions will 
be determined. 
1.4.5. Toxicity evaluation of contaminated soils 
Soil samples will be collected from former manufactured gas plant sites in Australia. 
The toxicity of bioaccessible PAHs and metals will be determined in these 
contaminated soil samples. 
Finally, the results from various bioassays are compiled to understand the mixture 
toxicity of PAHs and metals. 
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1.5. Thesis structure 
This thesis is comprised of 9 chapters. Chapter 1 introduces the reader to the outline 
of the project and research plan. The second chapter is a literature review, discusses 
the current knowledge of mixture toxicity of PAHs and metals, methods for 
determining mixture toxicity, use of in vitro assays to evaluate mixture toxicity, and 
limitation of the data for interpretation of mixture toxicity. In Chapter 3, the details of 
the general material and methods used in this project are provided. From chapter 4 
to 8, the details of individual bioassays, mixture prediction methods and the results of 
mixture studies on various toxic endpoints are provided. Chapter 4 provides the 
toxicity of the binary to quaternary mixtures of B[a]P and metals in HepG2 cells. The 
mixture toxicity and predictions based on the CI-isobologram method, and its 
comparison with classical mixture prediction models are discussed. This paper has 
been published in Toxicology Research. In chapter 5, the results of individual and 
mixtures of four PAHs and three metals on the oxidative stress response pathway 
(Nrf2 antioxidant response pathway) in HepG2-ARE cells and prediction of mixture 
effects using the CA model are presented. This paper has been published in 
Toxicology Research. Chapter 6 discusses the relationship between oxidative stress 
parameters and cytotoxicity. The role of ROS and total GSH level in the observed 
cytotoxicity is evaluated. This paper has been published in Chemosphere. In chapter 
7, a flow cytometry based genotoxicity test is used to evaluate the genotoxicity of 
mixture of PAHs and metals. In addition, the effect of mixtures on cell cycle 
parameters and AhR activation is assessed. This paper has been submitted to the 
Journal of Mutation Research- Genetic Toxicology and Environmental Mutagenesis. 
In chapter 8, the bioaccessibility of PAHs and metals in soil and the toxicity of 
bioaccessible fraction are discussed. Chapter 9 provides an overall summary of the 
PhD project and conclusions, and future directions of the research work. The thesis 
format consists of published papers and submitted manuscripts. Few of the points 
such as introduction to PAHs and metals, sources of PAHs and metals in the 
environment, and justification for test system selection and prediction model are 
repeated in each manuscript to provide a broader introduction of each chapter. 
Arsenic is a metalloid. In this thesis, for the generalised purpose, it is grouped with 
metals for common description.   
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2. Review of literature 
Abstract 
Mixed contamination of PAHs and metals occur ubiquitously in the environment, but 
their combined toxicity to humans and other organisms are not fully addressed. The 
data from epidemiological, animal and in vitro studies indicated that the interaction 
between PAHs and metals on various biological endpoints varies from synergism to 
additivity or antagonism. In this chapter, the combined toxicity of PAHs and metals 
on toxicokinetic and toxicodynamic endpoints, and possible mechanism of actions 
were discussed. In addition, the individual toxicity of PAHs and metals, their co-
exposure in the environment, use of various bioassays and prediction models to 
study the mixture toxicity were also reviewed. 
2.1. Introduction 
2.1.1. Human health and environment  
Environment plays a major role in human health and well-being. Human exposure to 
contaminated environment causes illness and condition known as environmental 
diseases. Environmental exposures to chemical, physical and biological agents may 
contribute to diseases in susceptible individuals along with personal factors like diet, 
smoking, etc. (Lippmann and Leikauf 2008). The environmental factors contribute to 
25-33% of the global burden of diseases and 80% of all cancers (Knol et al. 2009). 
Among the various environmental factors, exposure to chemicals at occupation, 
indoor and outdoor environment is increasingly recognised as an important 
contributor to human diseases (Sarah Janssen et al. 2005). 
2.1.2. Environmental contamination and exposure 
The past century has seen a tremendous expansion in the number of chemicals 
used. The chemical production has been estimated approximately 400 million tons 
per year (Barnicki 2012) and each day approximately 15,000 new substances are 
added to the Chemical Abstract Service (CAS) registry 
(www.cas.org/content/chemical-substances). An improper disposal of these 
chemicals into the environment can contaminate water, land, or air, and impact the 
environment and human health. The major sources of environmental contamination 
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are population growth, urbanization, industrialization, disposal of large volumes of 
industrial wastes, the accidental spill of oil and chemicals, wastewater treatment 
plants, and sewage systems (Fuge 2013, Wasi et al. 2013). Many hazardous waste 
sites and industrial facilities have been contaminated for decades and continue to 
affect the environment (Briggs 2003). Some of the examples of environmental 
pollutions are the great smog in London in 1952, the Superfund sites in the USA, the 
radioactive contamination throughout the 1950s and 1960s in Lake Karachay in 
Russia, and mercury poisoning in Minamata Bay in Japan. 
Exposure is defined as a contact over time and space between a person and one or 
more biological, chemical or physical agents. Human exposure to environmental 
chemicals has changed considerably in the past decades. The most common routes 
of chemical exposure are dermal, respiration and ingestion routes from both 
occupational and environmental exposures. Among these various routes, ingestion is 
the common route of contaminant exposure from contaminated soil (Prüss-Ustün et 
al. 2011).  
2.1.3. Chemical mixtures 
Humans are exposed to a large number of chemicals in a day to day life from 
different sources. In most cases, simultaneous or sequential exposure occurs to a 
mixture of chemicals. The toxicity data of chemical mixtures and predicting the 
possible combined effects is necessary for risk assessment toxicology. Chemical 
mixtures are defined as combinations of two or more chemicals, regardless of source 
that may jointly contribute to actual or potential effects in a receptor population. 
Mixtures are classified into simple and complex mixtures based on the number of 
components. Simple mixtures contain a small number of chemicals (up to 10) and 
the composition is known. Complex mixtures contain more than ten chemicals 
(hundreds to tens of thousands), of which the composition (dose or constituents) is 
not known (ATSDR 2004a). Mixed contamination of chemicals is ubiquitous in the 
environment from various sources, mainly from industrial sources and they can be a 
combination of organic-organic or organic-inorganic or inorganic-inorganic 
chemicals. The focus of this review is on mixed contamination of PAHs and metals in 
the environment and associated adverse health effects in humans. 
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2.2. Polyaromatic hydrocarbons (PAHs) 
PAHs are a group of chemicals that are formed during the incomplete combustion of 
organic substances, examples, burning of coal, oil, gas, wood, garbage, or other 
organic substances, such as tobacco and charcoaled meat. They generally occur as 
mixtures in the environment and among the several hundred PAHs, typically 17 
PAHs are studied more frequently than others. These 17 PAHs is suspected to be 
more harmful than some of the others, there is a greater chance to get exposed to 
these PAHs and these PAHs were identified at the highest concentrations at 
National Priority List (NPL) hazardous waste sites (Mumtaz et al. 1996). The 
National Priorities List (NPL) is the list of hazardous sites in the United States and its 
territories. The NPL is intended primarily to guide the EPA in determining which sites 
warrant further investigation. 
The list of priority PAHs is as follows. 
Table 2-1 List of priority PAHs 
Acenaphthene Benzo[j[fluoranthene 
Acenaphthylene Chrysene 
Anthracene Dibenzo[a,h]anthracene 
Benzo[a]anthracene Fluoranthene 
Benzo[a]pyrene Fluorene 
Benzo[e]pyrene Indeno[1,2,3-c,d]pyrene 
Benzo[b]fluoranthene Phenanthrene 
Benzo[g, h, i]perylene Pyrene 
Benzo[k[fluoranthene  
 
The natural sources of PAHs are forest fires, volcanic eruptions and decaying 
organic matter. Anthropogenic sources are numerous, including cigarette smoke, 
vehicle exhausts, agricultural burning, residential wood burning, industrial waste 
incineration, charcoaled meat, or other food cooked at high temperatures, and 
hazardous waste sites. The other sources are food grown in contaminated soil, 
industrial processes such as aluminum production, iron smelting, petroleum refining, 
coal coking, thermal power generation, and wood preservation operations using 
creosote. Among the various sources, the contamination at the former gas plant sites 
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and other industrial areas are high compared to others (Howsam and Jones 1998, 
Ravindra et al. 2008, Guo 2011, Mu et al. 2013).  
The primary sources of exposure to PAHs are inhalation of the compounds in 
tobacco smoke, wood smoke, and ambient air. The other sources are contaminated 
environment at or near hazardous waste sites such as former manufactured gas 
plant sites and wood-preserving facilities where inhalation, dermal contact and 
incidental ingestion are potential exposure routes (ATSDR 1995, Wehrer et al. 
2011). Human exposure to PAHs also occurs through their transfer from soil to food 
and to the food chain and in young children, the predominant route of the exposure 
to PAHs is ingestion of contaminated soil and dust. 
2.2.1. Health effects 
The acute exposure induced health effects of PAHs in humans are not fully 
understood. Occupational exposure to mixtures of PAHs causes eye irritation, 
inflammation, nausea, vomiting, diarrhea, etc. Anthracene, benzo[a]pyrene and 
naphthalene are direct skin irritants (Kim et al. 2013). In general, the acute effects of 
PAHs depend on the extent of exposure, concentration of PAHs, route of exposure, 
and also age, and pre-existing health conditions in humans. 
Chronic exposure to PAHs mixtures decreased the function of respiratory and 
immune systems. Some of the PAHs are known human carcinogens and also cause 
reproductive, neurologic, and developmental effects (Saunders et al. 2006, Iwano et 
al. 2010, Zaccaria and McClure 2013). Most of these findings were observed in 
laboratory animals and human exposure studies are limited.  
2.2.2. Reproductive and developmental toxicity 
B[a]P, a prototype of PAHs is a reproductive endocrine disruptors and has been 
demonstrated to have both estrogenic and anti-androgenic activities (Santodonato 
1997). In male Wistar rats, B[a]P caused testicular toxicity, significantly reduced 
testis weight, spermatid numbers, sperm density, morphology and intra testicular 
testosterone concentrations (Inyang et al. 2003, Ramesh et al. 2008, Mohamed et al. 
2010). Exposure to PAHs during various stages of pregnancy increased the rate of 
embryo lethality, resorption and malformation in survived fetuses, and tumors in the 
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late stage exposure (Archibong et al. 2002). Cigarette smoking during pregnancy is 
associated with adverse fetal outcomes and low birth weight (Bruin et al. 2010).  
2.2.3. Carcinogenicity 
It is well known that exposure to PAHs is associated with cancers in humans. 
Several epidemiological studies have demonstrated the exposure associated 
cancers of the skin, lung and bladder in coke-oven, coal-gas and aluminum 
production plants workers (Boffetta et al. 1997, Armstrong et al. 2004, Bosetti et al. 
2007). The carcinogenicity of some PAHs has been well established in laboratory 
animals. PAHs are metabolically activated to reactive intermediates which bind 
covalently to DNA and cause mutagenicity and carcinogenicity. Benzo[a]pyrene is 
classified as a Group I carcinogen and exposure to B[a]P is associated with tumors 
of various organs in laboratory animals. Several PAHs are classified into probable 
(dibenz[a,h]anthracene, and dibenzo[a,l]pyrene) and possible (benz[a]anthracene, 
naphthalene, dibeno[a,i]pyrene, dibenzo[a,h]pyrene, indeno[1,2.3-cd]pyrene, 
benz[j]aceanthrylene, benzo[j]fluoranthene, benzo[b]fluoranthene, 
benzo[k]fluoranthene and chrysene) carcinogens to humans (IARC 2010).  
2.2.4. Genotoxicity 
PAHs are indirect mutagens, requires metabolic activation to elicit their genotoxic 
effects. The genotoxic potential of B[a]P has been studied thoroughly. The 
metabolite of B[a]P, BPDE ((+)-anti-BP-7,8-diol-9,10-epoxide) is highly reactive 
toward DNA and forms DNA adducts. The available genotoxicity data indicate that 
several of the PAHs are genotoxic in various systems (ATSDR 1995). 
2.3. Metals 
Metals are unique among the toxic pollutants that they are all naturally occurring and 
have been used by humans for many years. Metals are one of the oldest toxicants 
known to humans. The main threats to human health from some metals are 
associated with exposure to Pb, Cd, mercury and As, just to name a few. 
Environmental contamination of metals is concentrated as a result of anthropogenic 
activities such as industrial production, vehicle emissions, domestic and agricultural 
use of metals, and metal-containing compounds. Metals accumulate in soil through 
emission from industrial activities, mine tailings, disposal of high metal wastes, 
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leaded gasoline and paints, land application of fertilizers, animal manures, sewage 
sludge, pesticides, wastewater irrigation, coal combustion residues, spillage of 
petrochemicals, and atmospheric deposition (Järup 2003, Tchounwou et al. 2012). 
2.3.1. Arsenic 
The most common routes of exposure to As are via ingestion, inhalation and dermal 
contact. Environmental arsenic exposure mainly occurs through drinking of As-
contaminated water throughout the world. The other sources of exposure are diet 
and occupational exposure from the industrial process using As (Mandal and Suzuki 
2002, Rahman et al. 2009). 
Arsenic exposure is linked with increased risk of cancer and systemic health effect. 
The skin is one of the major target organs of chronic inorganic As exposure. In 
humans, As toxicity is associated with various clinical manifestations known as 
arsenicosis. The exposure to As is also associated with diabetes, hepatotoxicity, 
neurotoxicity, cardiovascular diseases, and skin lesions (Hall 2002, Abernathy et al. 
2003, Jomova et al. 2011). Arsenic is a Group I carcinogen and causes skin, lung, 
and urinary bladder cancers (Straif et al. 2009).  
2.3.2. Cadmium 
The main routes of exposure to Cd are via inhalation or cigarette smoke, and 
ingestion of food. The other sources are occupational exposure at metal industries, 
workplaces and contaminated food. Among these sources, smoking is the major 
contributor and in the non-smoking population ingestion of food and to a lesser 
extent inhalation is the major sources (Nawrot et al. 2006, ATSDR 2012).  
Cadmium exposure reduced the pulmonary function and causes emphysema, 
osteoporosis, and kidney damage. The chronic Cd exposure is associated with itai-
itai (ouch-ouch) disease (a combination of osteomalacia and osteoporosis), first 
reported in Japan. Cadmium and its compounds are human carcinogens that have 
been associated with cancers of the lung, prostate, kidney, liver, hematopoietic 
system, and stomach (Waalkes 2000, Godt et al. 2006). 
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2.3.3. Lead 
Human exposure to lead occurs via inhalation of Pb-contaminated dust particles or 
aerosols. In young children, ingestion of Pb-contaminated food, water, and paints is 
the major route of exposure. The other sources are household paints, occupational 
exposure from workplaces, Pb used in toys, batteries, and cosmetics.  
Lead exposure causes toxicity to various organs, including kidney, liver, nervous 
system, hematopoietic, endocrine, and reproductive systems. The nervous system is 
a major concern; Pb causes encephalopathy particularly in children, loss of memory, 
dullness, poor attention, and irritability. Exposure to Pb during pregnancy causes 
reduced birth weight and neurodevelopmental abnormalities. In children, Pb causes 
diminished intelligence, lower intelligence quotient - IQ, delayed neurobehavioral 
development, growth retardation, and anti-social behaviours. In less serious cases, 
the most obvious sign of Pb poisoning is a disturbance of haemoglobin synthesis 
and long-term Pb exposure may lead to anaemia (Papanikolaou et al. 2005, Patrick 
2006). 
2.4. Mixtures of PAHs and metals 
Industrial contamination has long been recognised as a priority environmental 
concern and due to similar industrial practices; the prevalent contaminants are 
common in most of the contaminated sites around the world (Brandon 2013). Among 
the various classes of contaminants, PAHs and metals are the major contaminants 
found in the contaminated sites along with other others (Thavamani et al. 2012, 
Panagos et al. 2013). These mixed contaminants also found in the emission of motor 
vehicles (Matti Maricq 2007). One of the major sources of these mixed contaminants 
is former manufactured gas plant (fMGP) sites. It has been estimated that 3,000 to 
5,000 fMGP sites exist across the USA, more than 2,300 sites in the United Kingdom 
and conservatively estimated around 8,700 sites around the world (Wehrer et al. 
2011). The most common contaminants at these sites are PAHs, volatile aromatic 
compounds (VACs), metals (arsenic, chromium, copper, lead, nickel, and zinc), 
phenolic compounds, inorganic nitrogen, and sulfur (Maturi and Reddy 2008). The 
US Environmental Protection Agency has reported that a mixture of both organic and 
inorganic contaminants is present at 40% of hazardous waste sites (Olaniran et al. 
2013). 
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2.4.1. Epidemiological studies 
2.4.1.1. Exposure to PAHs and metal mixtures 
Co-exposure to PAHs and metals are ubiquitous in the occupational environment. In 
the occupational settings, exposure to As and tobacco smoke has been associated 
with increased risk of cancer among the workers (Pershagen et al. 1981, Hertz-
Picciotto et al. 1992, Ferreccio et al. 2000, Chen et al. 2004). Smoking has been 
linked with lung cancer in people exposed to high level of As via drinking water. 
Lundström et al. (2006) observed that co-exposure of As and smoking increased the 
risk of lung cancer, but no such effect was observed with smoking and Pb exposure. 
The reported synergistic effect between As and smoking on lung cancer is 
inconsistent. Few studies did not show the same findings of an increase in the risk of 
lung cancer (Welch et al. 1982, Taylor et al. 1989, Järup and Pershagen 1991). 
Oxidative stress is used as a marker to indicate of exposure to mixtures of PAHs and 
metals in few epidemiological studies. Combined exposure to metals and PAHs 
increased the oxidative stress among the coke-oven workers. Arsenic, Cd, Cr, Ni, 
and Pb were found to increase the urinary level of PAH metabolites (Wang et al. 
2015a). In another study, only Cd increased the oxidative stress of PAHs in 
Taiwanese traffic conductors, but no such interactions were found between nickel 
(Ni), As, Pb and PAHs (Huang et al. 2013). 
2.4.1.2. Human occupational exposures to metal mixtures 
Studies of human exposure to metal mixtures have demonstrated the role of 
oxidative stress in metal toxicity (Nordberg 2010, Adebambo et al. 2015). Mixtures of 
Cd and Pb increased the oxidative stress in occupationally exposed workers (Garçon 
et al. 2004, Devi et al. 2007) and combined exposure to As and Cd is associated 
with increased risk for renal diseases (Hong et al. 2004, Arain et al. 2015). 
The epidemiological studies indicated that exposure to mixed contamination of PAHs 
and metals are common in the occupational and contaminated environment. Most of 
the reported data are available on the effects of smoking and exposure to As. The 
data are not sufficient to drive any conclusion of this mixture toxicity. 
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2.4.2. Toxicity of metal mixtures 
The toxicity studies on the interaction between As, Cd, and Pb are relatively limited. 
Mixtures of As, Cd, and Pb increased the oxidative stress production compared to 
those of individual metals in rats (Fowler et al. 2004, Wang and Fowler 2008). In 
another set of studies, combined exposure of As with Cd or Pb (Mahaffey and 
Fowler 1977) or combinations of As, Cd and Pb (Mahaffey et al. 1981) showed 
interaction effects on body weight gain, total RBC level, liver enzymes, and 
concentrations of metals in the liver and kidney. Arsenic, Cd and Pb in combination 
with other metals increased the oxidative stress and altered the functional and 
structural integrity of kidney, liver, and brain in male Wistar rats (Jadhav et al. 2007). 
The metal mixtures containing As, Cd, Pb, and mercury was toxic to brain, liver and 
kidney of mice and the toxicity was associated with changes in the oxidative stress 
parameters, including decrease of antioxidant enzyme activities and increased lipid 
peroxidation (Cobbina et al. 2015). The combination of As, Cd, and Pb at relevant 
human exposure level caused a synergistic effect on demyelination in rats (Ashok et 
al. 2015) and produced hepatotoxic and nephrotoxic effects (Bhattacharjee et al. 
2016). The ATSDR released the interaction profile for Pb, As, Cd, and Cr and this 
profile summarises the reported data of these mixtures on various biological 
endpoints. The available data is restricted to binary combinations of As, Cd, Cr and 
Pb and the data are voluminous for Pb-Cd mixtures followed by Pb-As mixtures. The 
predicted mixture effects are not consistent across the endpoints, especially with Cd 
and Pb mixtures  
2.4.2.1. In vitro studies of interactions between As, Cd, and Pb  
Binary mixtures of Cd and As increased the expression of stress proteins in rat and 
human kidney cell lines (Madden et al. 2002). The mixtures of As, Cd and Pb at 
relevant epidemiological concentrations reduced the cell viability, increased the 
oxidative stress and changes in the cell cycle parameters in Balb/C 3T3 cell assay 
(Rodríguez-Sastre et al. 2014). The mixtures of As, Cd, Pb, and chromium or 
mercury resulted in differential cytotoxic responses in human keratinocytes (Bae et 
al. 2001) and MCF cell lines (Klutse et al. 2009), respectively. The reported effects 
vary from synergism, additivity or antagonism at low to higher effect levels, 
respectively.  
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The key observations from metal mixture studies are as follows. The effects of 
mixtures were evaluated on general toxicity parameters, antioxidant systems, the 
toxicity of the organs like brain, liver, kidney, and concentration of metals in various 
organs. In most of the studies, the effects of mixtures were assessed based on the 
significant difference compared to controls and the comparison and contribution of 
individual metals to mixture toxicity were not evaluated. So, the contribution or effect 
of individual chemicals in the mixture toxicity was not known in these studies. In the 
in vitro studies, the observed interaction between the mixtures of metal varies 
depending on the components of mixtures and the cell lines. 
2.4.3. Toxicity of PAHs and metals 
Studies conducted with various animal and cell lines have demonstrated the effects 
of metals on the metabolism and genotoxicity of PAHs. Most of the available reports 
were on the combined effects of B[a]P with As or Cd. 
The effects of metals on the metabolism of PAHs are determined using AhR binding, 
CYP1A1 gene expression, CYP1A1 activity, and CALUX or CAFLUX assays. 
Arsenic decreased the total hepatic CYP450 contents, including CYP1A1 in Wistar 
rats (Siller et al. 1997) and Guinea pig (Falkner et al. 1993). In human cell lines, As 
reduced PAH mediated induction of CYP1A1 protein and activity in hepatocytes 
(Vakharia et al. 2001b) and adenocarcinoma cells (Wu et al. 2003) and also inhibited 
TCDD- induced luciferase activity in human hepatoma cells (Bonzo et al. 2005, Chao 
et al. 2006). In contrast, As induced the AhR nuclear translocation and increased the 
expression of CYP1A1 mRNA level in mouse hepatoma cells. Arsenic also 
potentiates the PAHs and TCDD induced CYP1A1 mRNA level (Elbekai and El-Kadi 
2004, Elbekai and El-Kadi 2005, Kann et al. 2005). 
Lead decreased the CYP1A1 activity and PAHs or TCDD mediated induction of 
CYP1A1 activity in human or mouse hepatoma cells (Vakharia et al. 2001a, Korashy 
and El-Kadi 2008). Cadmium decreased PAH mediated induction of CYP1A1 protein 
and activity in hepatocytes (Vakharia et al. 2001a) but increased the enzyme activity 
in HepG2 cells (Quan et al. 1993, Dehn et al. 2004). In mouse hepatoma cells, Cd 
increased XRE dependent luciferase activity (Elbekai and El-Kadi 2008). 
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In general, all three metals 9As, Cd and Pb) inhibited the PAH mediated induction of 
CYP1A1 activity (Vakharia et al. 2001a, Korashy and El-Kadi 2008). But the data are 
inconsistent. Some reports suggest that metals also increased CYP1A1 activity 
induced by PAHs or TCDD in a few cell lines (Elbekai and El-Kadi 2004, Elbekai and 
El-Kadi 2005, Kann et al. 2005). This difference could be due to changes in the cell 
lines, exposure time and measured endpoints. 
2.4.3.1. Genotoxicity of PAHs and metals 
Mixtures studies were conducted to determine the combined genotoxic effect of 
B[a]P and metals. Metals are known co-mutagens and increase the mutagenicity of 
ultraviolet light, X- rays and alkylating agents (Rossman 1995, Gebel 2001). Co-
treatment of As or Cd with B[a]P decreased the DNA repair process and persistence 
of DNA lesions in human white blood cells and SV4O- transformed fibroblasts 
(Hartmann and Speit 1996). Arsenic synergistically enhanced the genotoxicity of 
B[a]P along with cytotoxicity and oxidative stress in human lung carcinoma cells 
(Chen et al. 2013) and increased the B[a]P- DNA adduct formation in the skin and 
lungs of C57BL/6 mice (Evans et al. 2004, Fischer et al. 2005), human lung cells 
(Schwerdtle et al. 2003) and mouse hepatoma Hepa-1 cells (Maier et al. 2002), 
respectively.  
 Lewińska et al. (2007) reported the co-treatment effect of As and Cd with B[a]P in 
mice. In this study, As not Cd increased the micronuclei formation frequency of 
B[a]P. Arsenic was found to inhibit the DNA damage induced by B[a]P in rats (Tran 
et al. 2002) and enhanced the DNA adduct formation by increasing the uptake of 
BPDE (Shen et al. 2008). Cadmium has both synergistic (Mukherjee et al. 2004) and 
antagonistic (Simon et al. 2014) effect on the genotoxicity of B[a]P.  
The available genotoxicity studies of PAHs and metals are limited to binary mixtures 
of B[a]P with As or Cd. There were no reports available for the mixture of B[a]P and 
Pb. Studies beyond binary mixtures and the effects of all possible combinations of 
PAHs and metals are required for further understanding of genotoxicity of these 
mixtures. 
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2.5. In vitro bioassays and toxicity assessment of chemicals 
Toxicity assessment of individual chemicals and their combinations has become the 
cornerstone of human health risk assessment. The classical animal toxicity studies 
require a large number of animals and huge cost in characterizing the toxicity of 
chemical mixtures, including carcinogenicity, reproductive and chronic studies. In 
addition, the data from animal studies do not provide the information about the 
mechanism of action and prediction of human adverse health effects from animal 
studies has become a matter of dispute due to poor concordance (Seidle and 
Stephens 2009). Hence, several in vitro assays are being developed and used to 
study the effects of mixtures on toxicokinetic and toxicodynamic endpoints. The 
knowledge on the effects of chemicals on cellular pathways and their mechanism of 
toxicity is considered as an alternative approach to determining the human health 
risk of contaminants (Judson et al. 2010).  
The development and use of mechanistically informative in vitro assays based on 
human cells are advocated by National Research Council (NRC) to determine the 
effects of chemicals on toxicity pathways leading to human diseases (Bhattacharya 
et al. 2011). The approach of using the in vitro assays along with the limited support 
of in vivo studies is supported by ATSDR to improve our understanding of the toxicity 
and health effects of chemical mixtures (Mumtaz et al. 2002). The Toxcast (National 
Center for Computational Toxicology) and Tox21 program initiated by US EPA and 
with NIEHS and FDA (McPartland et al. 2015) are using the high throughput in vitro 
testing protocols for screening of large numbers of chemicals. 
The Interagency Coordinating Committee for Validation of Alternative Methods 
(ICCVAM) of the U.S. National Toxicology Program (NTP) has been associated with 
the development of alternative safety testing methods, its scientific validation and 
regulatory acceptance. Various toxicity study protocols using alternative methods like 
acute systemic toxicity, dermal corrosive and irritation test, developmental toxicity, 
endocrine disruptor, immunotoxicity, ocular toxicity, and nanomaterial tests have 
been accepted by US agencies for safety evaluation of chemicals. Through the 
advances in technology, a broad panel of in vitro assays containing biochemical and 
cell based assays have been developed to determine cell viability, nuclear receptors, 
pathways, and DNA damage (Tice et al. 2013). 
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2.6. Use of HepG2 cells as a test system for toxicity assessment 
of chemicals 
 Most of the chemicals enter the body through oral ingestion and liver is the organ, 
most exposed to environmental chemicals. Liver plays a central role in xenobiotic 
metabolism. Thus, liver is a logical choice for toxicity assessment of environmental 
chemicals. The toxicity to the liver is predicted or determined by using different in 
vitro models like liver slices, primary hepatocytes and immortalized cell lines 
(Soldatow et al. 2013). The hepatocytes from humans are the ideal test system to 
determine the toxic effects of chemicals and pharmaceutical agents. But various 
factors such as difficulty in handling and maintenance, ethical issues and availability 
of required hepatocytes limited its use for toxicity studies, especially in countries 
where a reliable commercial source is not readily available. Besides primary 
hepatocytes, the human HepG2 (hepatocellular carcinoma) cell line is the preferred 
model for toxicity studies. HepG2 cells are highly differentiated and display many of 
the genotypic features of normal liver cells (Gerets et al. 2012). These cells retain 
many of the specialised functions such as the capacity of synthesizing many plasma 
proteins which are normally lost in primary hepatocytes in culture. In addition, HepG2 
cells have an endogenous expression of metabolizing enzymes and antioxidant 
defense system (Kim and Jang 2014).  
This cell line is routinely used for screening of pharmaceutical agents and chemicals. 
Indeed, this cell line has a higher predictability of humans compared to animal cell 
lines (Schoonen et al. 2005). The major limitation is linked to their lower metabolic 
capacities compared with primary hepatocytes, which make them appropriate for 
testing the toxicity of the parent molecule but less suited for toxicity testing of 
metabolites. These cells have low levels of cytochromes (CYPs) but normal levels of 
phase II enzymes except UDP-glucuronosyl transferases (Guillouzo et al. 2007).  
2.7. Cytotoxicity assays 
Cytotoxicity assays are routinely used in toxicity evaluation of chemicals and its 
measurement under in vitro studies conditions have been carried out for a very long 
time. Cytotoxicity assays have been validated as an alternative to acute toxicity 
testing of animals and used to predict acute toxicity (ICCVAM 2001). The cell viability 
or cytotoxicity is measured by various methods, including determining the viable cell 
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numbers, membrane permeability, cellular ATP level, metabolic function and 
mitochondrial membrane potential. These assays are good indicators of cell health 
and metabolism based assays are commonly used to assess the cell viability. 
Therefore, a number of chemical probes have been developed to determine the cell 
viability or cytotoxicity, including viability assays based on metabolism reductase 
activity (MTS, XTS and resazurin dye reduction assays), bioluminescent ATP assays 
and enzyme linked cytotoxicity assays (LDH leakage assays) (Weyermann et al. 
2005). Each assay has its own advantages and disadvantages. For example, neutral 
red viability assay is a classic example of a scientifically useful and validated method 
which is impractical and rarely used. The ATP bioassays are costly and fluctuation of 
ATP level within cells happens, independent of viable cells and may lead to under or 
overestimation of cell number (Riss et al. 2004). Among the various assays, MTS 
assay has been widely used with great success in toxicity testing. This assay has 
been well characterised, stable, cost-effective, simple to use, and suitable for high-
throughput testing. 
2.8. Reporter gene assays 
Reporter gene assays (an indicator of gene expression and cellular events of 
chemical exposure) have become an invaluable tool in pharmaceutical and 
biomedical research. These assays were developed by manipulating the genetic and 
biochemical composition of eukaryotic cells and transfecting a promoter sequence of 
cells expressing specific gene products. The reporter gene assays are useful to 
measure the regulatory potential of an unknown DNA-sequence followed by 
chemical exposure. The primary advantages of reporter genes are easy to measure 
and allow continuous monitoring of gene expression compared to direct 
measurements of gene transcription. The β-galactosidase (lacZ), chloramphenyl 
acetyltransferase (CAT), β-glucuronidase (GUS) and fluorescent proteins (green, 
yellow or red fluorescent protein [GFP, YFP or RFP, respectively) and secretory 
alkaline phosphatase (SEAP) (Schenborn and Groskreutz 1999, Jiang et al. 2008) 
are used as reporter proteins in these assays. 
2.8.1. Luciferase Assays 
Luciferase assays are developed by transfecting a reporter construct (containing a 
luciferase gene with genetic regulatory element upstream) into human or animal 
 24 
 
cells. These assays are highly sensitive and the effect of chemicals on the biological 
pathway is measured by quantifying the expression of the luciferase reporter gene 
(Allard and Kopish 2008).  
2.8.2. Reporter gene assays for measurement of oxidative stress 
response 
 This assay has been developed based on the role of the NF-E2-related factor2 
(Nrf2)-antioxidant response element (ARE) signaling pathway in cellular antioxidant 
defense. The transcription factor Nrf2 is activated in response to chemical induced 
oxidative stress and regulate the human antioxidant response element (ARE). 
Monitoring or determination of effects of chemicals on the ARE-pathway is useful to 
assess the ability of chemicals to induce oxidative stress (Nguyen et al. 2009). 
Human cell line based reporter assays have been developed to measure the 
transcriptional activity of Nrf2 factors and the reporter system contains Nrf2 
responsive luciferase gene constructs and vector under the control of ARE 
responsive elements (Wang et al. 2006, Simmons et al. 2011, Motahari et al. 2015).  
2.8.3. Reporter gene assays for determination of activation of aryl 
hydrocarbon receptor  
The role of AhR (xenobiotic activated receptor) as a central player in the regulation 
of metabolism and toxicity of TCDD and other related PAHs has been extensively 
studied (Mimura and Fujii-Kuriyama 2003, Nebert et al. 2004). The AhR is a ligand-
dependent transcription factor and its activation causes altered gene expression and 
toxicity. Numerous cell based bioassays have been developed based on the Ah 
receptor (AhR) and/or AhR-dependent gene expression. CALUX (Chemically 
Activated Luciferase Expression) and CAFLUX (Chemically Activated Fluorescent 
Expression) bioassays were developed using stably transfected dioxin (AhR)-
responsive firefly luciferase or enhanced green fluorescent protein (EGFP) reporter 
genes, respectively (Seidel et al. 2000, Pieterse et al. 2013). The cell lines based on 
rat H4IIE hepatoma cells and H1L6.1 mouse hepatoma cells are commercially 
available. 
CALUX assay has been developed using different cell lines and the obtained results 
with each cell lines vary due to species and tissue specific differences and presence 
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of functionally active AhR. Nagy et al. (2002) developed a chemical-activated 
fluorescent protein expression (CAFLUX) assay based on enhanced green 
fluorescent (EGF) protein as a reporter gene. The assay is comparatively simple and 
cost-effective compared to luciferase assays but the disadvantage of this assay is 
the presence of extremely stable EGF-protein which results in increased background 
fluorescence. 
2.9. In vitro micronucleus test 
The micronucleus test using rodent bone marrow, blood or in vitro assays using cell 
lines has been routinely used to screen the genotoxicity of environmental chemicals. 
This test is based on scoring of micronuclei that are formed during the cell division. 
The micronuclei result from chromosomal fragments or whole chromosomes that are 
unable to migrate to the spindle poles during mitosis and subsequently are not 
incorporated into either the daughter nuclei (OECD 2014). 
The in vitro micronucleus (MN) test has been routinely carried out using rodent cell 
lines and human lymphocytes. The test has already gained widespread international 
use as it offers significant advantages over the assessment of chromosome 
aberrations. Since the analysis is more objective and quicker resulting in a much 
higher throughput (Corvi et al. 2008, Avlasevich et al. 2011). Initially, the protocols 
were developed using with or without the use of cytokinesis blocking agent 
cytochalasin B. The simplicity of the MN endpoint facilitated the automation of MN 
scoring. Flow cytometry is one such scoring technique has been used successfully 
(Avlasevich et al. 2006, Bryce et al. 2007). This method showed good agreement 
with microscopy and offers advantages over the manual and other scoring methods 
(Bryce et al. 2008).  
2.10. Toxicity evaluation of chemical mixtures  
The toxicity testing strategy of mixtures is depending on the available information 
about mixtures and its components in the mixtures. The ideal approach is to identify 
the components of mixtures and their toxicity profile. Based on this information the 
mixture toxicity is evaluated for a wide range of exposure levels. A number of testing 
strategies have therefore been presented to obtain toxicological information about 
the mixtures with a limited number of test groups. 
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2.10.1. Testing of whole mixtures  
The approach of testing whole mixtures is used for environmental samples and 
provides information about the toxicity of unknown composition (Galus et al. 2013, 
Rosi-Marshall et al. 2013). This method is commonly used as a primary screening 
approach to characterize the adverse health effects of mixtures. The testing of whole 
mixture method is carried out using a single dose of mixtures and concentration of 
corresponding individual components. The disadvantage of this approach is it did not 
provide the data of the interaction between individual components (Backhaus 2014).  
2.10.2. Individual component based approaches 
A more common approach to predict the mixture toxicity is to consider the 
concentrations of the individual components and its toxicity. In the individual 
component based approach, mixture toxicity is predicted using the mathematical 
modeling and this approach requires information about individual chemical identity, 
concentration and mode of action (Faust et al. 2000). The conceptual framework of 
the combined action of chemicals was first provided by Bliss (Bliss 1939). In a 
mixture combination, the three types of combined actions, namely dissimilar joint 
action, similar joint action, and interaction are identified between the chemicals 
(Badot et al. 2011). Similar joint action (dose addition, Loewe additivity) is defined as 
the chemicals in a mixture follow the same mechanism or mode of action and cause 
similar biological effects. With dissimilar joint action (response additivity, Bliss 
independence) the chemicals in the mixture act independently and follow the 
different mode of actions. In interaction effect, one chemical influences the toxicity of 
one or more other chemicals by direct interaction, toxicokinetic/or toxicodynamic 
interaction (Plackett and Hewlett 1952).  
Several mathematical models are applied to estimate the combined toxicological 
effects of known substances. The concentration addition and independent action 
models are commonly used to predict the mixture toxicity. The interaction between 
chemicals is also evaluated using statistical designs, response surface methodology 
and isobologram method (Groten et al. 2001).   
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2.10.2.1. Concentration addition and independent action 
The dose additivity method is used for chemicals which have the same mode of 
action. The chemicals in the mixture behave as a dilution of other chemicals. The 
mixture effect is assessed by the sum of the dose of the components. 
When the components in the mixture have a dissimilar mode of action with different 
target sites, the concept of independent action is applied to predict the mixture 
effects (Faust et al. 2003).  
2.10.2.2. Combination index-isobologram method 
The combination index (CI)-isobologram method is widely used in pharmacology to 
study the nature of the interaction between drugs. The interaction is analysed using 
the median-effect/combination index (CI)-isobologram equation (Chou 2006) which is 
based on the median-effect principle (mass-action law). This method has been 
applied to predict the mixture toxicity of environmental chemicals (Rodea-Palomares 
et al. 2010, Wang et al. 2015b). One important property of this method is that 
previous knowledge of the mechanisms of action of each chemical is not required. 
The mixture toxicity is commonly predicted using the CA and IA model. The CA or IA 
model provides an accurate prediction of mixture toxicity of chemicals with the same 
or independent mode of action, independently. These models are considered 
appropriate for describing the mixture effects observed in experiments and to predict 
and extrapolate the data for risk assessment. But in the real environment, mixtures 
contain chemicals with the same and different modes of action. The components 
may interact at various levels, including at toxicokinetic phase (exposure, during 
uptake, distribution, and metabolism) and toxicodynamic phase (chemical-biological 
receptor interactions and biological interactions). These interactions were not 
predicted by using the available models. The CI- method could be useful to define 
the mixture toxicity of chemicals without the prior knowledge of the mode of action of 
chemicals. The limitations of the CI method are that it is highly sensitive to small 
changes in effect measurement at low and high concentrations and lack of statistical 
evaluation of synergy, additivity or antagonism (Zhao et al. 2010a). Overall, the 
available models did not satisfactorily address the interactions between the 
chemicals. 
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2.11. Summary of literature review 
The individual toxicity profile of PAHs and metals revealed that exposure to both 
these chemicals can cause adverse health effects. Some of the metals and PAHs 
are known human carcinogens. There are many similarities in their mechanism of 
action such as oxidative stress production, activation or induction of various toxic 
pathways and damage to DNA. Hence, it is expected to see the interaction among 
these environmental contaminants exists, whether additivity applies to these 
mixtures across a wide range of exposure regimes remains to be seen.  
The epidemiological studies showed the high possibility to be exposed to these co-
contaminants due to their common prevalence in the environment that would result 
in an increased risk of cancer. But the data are not sufficient to indicate the 
synergistic or increased risk. In addition, the reported epidemiological data are 
limited to co-exposure to smoking and As only. Studies conducted with occupational 
workers showed that co-exposure to metals and PAHs increased the oxidative stress 
in humans. The measurement of oxidative stress induced damage or biomarkers are 
used in the occupational environment to study the exposure to these chemicals. The 
epidemiological data of metal mixtures revealed the increased risk of diseases 
associated with exposure to metal mixtures compared to individual metals. Studies 
combined with epidemiological biomarkers and additional data of chemical mixtures 
are required for further understanding of their respective adverse effects observed 
from epidemiological studies alone 
Due to the exposure associated adverse effect of these mixtures, animal or cell line 
based studied have been conducted to understand the mixture toxicity of PAHs and 
metals. PAHs are indirect toxicants, metabolically activated to elicit their genotoxicity 
or carcinogenicity. So, the mixture studies were mostly available on effects of metals 
on metabolism and genotoxicity of PAHs. Most of the data have been reported on 
the interaction between B[a]P and As. Several aspects of potential interaction effects 
of these mixtures required further clarifications. 
Studies with co-exposure of PAHs and metals showed that the metals inhibited the 
PAH induced CYP1A1 activity in various cell lines. This was explained or expected 
to reduce the carcinogenicity of PAHs. However, few studies reported that metal 
could increase the CYP1A1 activity and subsequent toxic effects of PAHs. The 
metals increased the genotoxicity of B[a]P when exposed together and the possible 
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reasons could be an increase in oxidative stress and associated increase in CYP1A1 
activity and inhibition of DNA repair mechanism. But, studies with Cd were 
inconsistent as both synergism and additivity were reported. Metal mixtures studies 
showed that oxidative stress is the major mechanism for the observed increase in 
toxicity.  
Oxidative stress plays a major role in the toxicity of metals and the metabolism of 
PAHs also causes oxidative stress associated damage to cells. Surprisingly, there 
are no reports on combined effects of PAHs and metals on oxidative stress. So, the 
data of these mixtures on oxidative stress could be useful to determine the effect of 
PAHs and metals. The literature survey showed that most of the mixture studies 
were restricted to binary mixtures and did not use any prediction models to predict 
the mixture toxicity.  
Hence, studies with more chemicals (beyond binary mixtures) and use of 
mathematical models could be useful to predict the nature of the interaction between 
these chemicals. The use of animal models is not deemed practical to screen such a 
large combination number of mixtures. Advances in technology result in the 
development of human cell based cellular pathway assays and automated 
techniques to determine the effects of chemicals on various toxic endpoints. So, the 
data from multiple toxic endpoints and possible combinations of mixtures are 
required for better understanding of the effects of mixtures along with studies to 
explain the mechanism of toxicity of mixtures. 
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3. Materials and methods 
In this chapter, the details of chemicals, cell culture medium and reagents used in 
this project are provided. The different cell lines and its maintenance during the 
experimental period, and procedures to measure the cell viability, and determination 
of the Nrf2 pathway activation are presented.  
3.1. Chemicals 
Benzo[a]pyrene (B[a]P) (CAS ID-50-32-8), cadmium chloride (CAS ID-10108-64-2), 
lead acetate (CAS ID-6080-56-4), naphthalene (CAS number: 91-20-3), 
phenanthrene (CAS number: 85-01-8), pyrene (CAS number: 129-00-0), sodium 
arsenite (CAS ID-7784-46-5), tert-butylhydroquinone (CAS number: 1948-33-0) and 
dimethyl sulfoxide (DMSO, CAS number: 67-68-5) were purchased from Sigma-
Aldrich, St. Louis, USA. Phosphate buffered saline (PBS) TABs pH 7.4 (Product ID: 
09-2051) were purchased from Astral Scientific, Australia. 
3.2. Cell culture media, reagents, supplements, and bioassay kits 
Dulbecco's Modified Eagle Medium (DMEM), minimum essential medium (MEM), 
Trypsin-EDTA (0.25%), penicillin-streptomycin solution, fetal bovine serum (FBS), 
Geneticin® selective antibiotic (G418 sulfate), non-essential amino acids, and 
sodium pyruvate (100 mM) were purchased from Gibco® (Life technologies, VIC, 
Australia). 
CellTiter 96 ® Aqueous One Solution Cell Proliferation Assay (G3581), luciferase 
assay system (E1501), luciferase cell culture lysis 5X reagent (E1531), GSH-GloTM 
Glutathione assay (catalog # V6912) and ROS-GloTM H2O2 assay (catalog # G8821) 
were purchased from Promega Corporation, Madison, USA. 
In Vitro microflow kit was purchased from Litron laboratories Ltd, Rochester, NY, 
USA. The kit contains incomplete lysis solutions 1 and 2, nucleic acid dye A 
(ethidium monoazide, EMA), nucleic acid dye B (SYTOX® green nucleic acid stain), 
RNase solution and 10X buffer. PeakFlowTM green flow cytometry reference beads, 
6 µm was purchased from molecular probes (Life Technologies Ltd), USA. 
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3.3. Test systems 
3.3.1. Human hepatocellular carcinoma cell line (HepG2)- cell culture 
maintenance 
HepG2 cells were used as a test system for cytotoxicity, ROS generation and total 
GSH quantification assays and micronucleus test. HepG2 cells obtained from the 
American type culture collection (ATCC), USA (ATCC No. HB-8065) were used in 
this study. This cell line is derived from a liver hepatocellular carcinoma of a 15 year 
old Caucasian male. After thawing, cells were maintained as a sub confluent 
monolayer in a 75 cm2 culture flask using the modified DMEM medium with 10% 
(v/v) FBS + penicillin-streptomycin (50 units/ml). The cells were used for experiments 
two weeks after thawing from the cryopreserved stock. The cells were maintained at 
37 °C under 5% CO2 in a humidified incubator (Heracell 150i CO2 incubator, Thermo 
Scientific, Australia).  
3.3.2. Antioxidant response element (ARE) reporter-HepG2 cell line- cell 
culture maintenance 
The ARE reporter-HepG2 cell line was used for determination of activation of Nrf2 
antioxidant response pathway. This cell line (Catalog # 60513) was purchased from 
BPS Bioscience Inc., CA, USA. This ARE Reporter-HepG2 cell line contains a firefly 
luciferase gene under the control of ARE stably integrated into HepG2 cells. The 
reporter cells were maintained in a 75 cm2 culture flask containing MEM medium 
supplemented with 10% FBS, 1% non-essential amino acid, 1 mM sodium pyruvate, 
1% penicillin/streptomycin and 600 µg/ml of Geneticin®. The cells were maintained 
at 37 °C under 5% CO2 in a humidified incubator. 
The methods of bioassays which are used more than once in the research work are 
presented here. The details of other bioassay are presented in the relevant chapters. 
3.4. Cytotoxicity assay 
The cell viability was determined using the CellTiter 96® aqueous one solution, 
which is a colorimetric method for determining the number of viable cells. This 
solution contains a tetrazolium compound, MTS [3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, inner salt] and an electron 
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coupling reagent PES (phenazine ethosulfate). The principle of this assay is based 
on the metabolic reduction of tetrazolium salts. The viable cells with an active 
metabolism convert MTS salt into a purple colored formazan product. The exact 
mechanism of the metabolic reduction is not well understood, enzymes from the 
endoplasmic reticulum, mitochondria and from the cell surface are attributed to the 
observed metabolic reduction activity. 
After a chemical treatment period of 24 h, the treatment medium was carefully 
aspirated using a multi-channel micropipette and 20 μL of MTS reagent + 100 μL of 
DMEM was added to each well and incubated for another 2-3 h. The plates were 
placed in a microplate reader (FLUOstar Omega, BMG Labtech, VIC, Australia) and 
the absorbance was measured at 490 nm. 
The cell viability was calculated as shown in equation (1) after blanking. 
Viability (%) = 
100 𝑋 𝑚𝑒𝑎𝑛 𝑜𝑝𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 (𝑂𝐷)𝑖𝑛 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑐ℎ𝑒𝑚𝑖𝑐𝑎𝑙 𝑜𝑟 𝑚𝑖𝑥𝑡𝑢𝑟𝑒𝑠 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
𝑚𝑒𝑎𝑛 𝑂𝐷 𝑖𝑛 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑠
 (1) 
3.5. Determination of activation of Nrf2 antioxidant response 
pathway  
The Nrf2 pathway activation was quantified using a luciferase assay system 
(catalogue # E1501) purchased from Promega Corporation, Madison, USA. The 
luciferase activity was determined as per the manufacturer’s instructions. In brief, the 
growth medium was removed from the plates using a multi-channel micropipette 
after a treatment period of 24 h and rinsed twice with phosphate buffered saline 
(PBS). The cell lysis buffer (1x lysis buffer was prepared from 5x lysis buffer), 20 
µL/well, were added to each well and incubated for 5 min at room temperature. 
Then, luciferase assay reagent (luciferase assay buffer + lyophilized assay 
substrate), 100 µL/well was added to the lysed cells and luminescence was 
quantified using a microtiter plate reader. 
The oxidative stress response was measured as the difference between ARE 
luciferase reporter expression in the chemical treated groups compared to that of 
vehicle control and was calculated using equation (2)  
Induction ratio (IR) = 
𝐿𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑤𝑒𝑙𝑙𝑠
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑙𝑢𝑚𝑖𝑛𝑒𝑠𝑐𝑒𝑛𝑐𝑒 𝑜𝑓 𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑤𝑒𝑙𝑙𝑠
 ------------------------------ (2) 
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The concentration that induced an IR of 1.5 (ECIR1.5) was determined using the linear 
part of the concentration effect relationship as described by Escher et al. (2013). The 
individual concentration effect relationship was determined using equation (3) 
IR = 1 + slope x concentration------------------------------------------------------------------- (3) 
The ECIR1.5 was calculated using the linear regression method and using equation 
(4) 
ECIR1.5 = 
0.5
𝑠𝑙𝑜𝑝𝑒
 ----------------------------------------------------------------------------------------- (4) 
The details of other bioassays, prediction models and data analysis are provided in 
the relevant chapters. 
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4. The binary, ternary and quaternary mixture toxicity of 
benzo[a]pyrene, arsenic, cadmium, and lead in HepG2 cells 
Abstract 
The toxicological interaction data of mixtures of PAHs and metal are lacking. In this 
project, the mixture toxicity of PAHs and metals are evaluated on various biological 
endpoints. The initial study is carried out to determine the combined cytotoxicity of 
B[a]P, arsenic (As), cadmium (Cd), and lead (Pb) in HepG2 cells. The toxicity of 
binary, ternary and quaternary mixtures of B[a]P and metals were predicted using 
the combination index (CI)- isobologram method. This method predicts the 
quantitative nature of the interaction between chemicals at different effect (inhibitory 
concentration) levels (0.1 to 99%) using the computerised quantitation. A total of 11 
mixtures, including six binary mixtures, four ternary and one quaternary mixture of 
B[a]P, As, Cd, and Pb were evaluated for their toxicity using the cell viability (MTS) 
assay. The selected concentrations of the individual dose response study were, 0-
100 µM - B[a]P; 0-40 µM – Cd; 0-400 µM – As and Pb. Both B[a]P and metals were 
toxic to liver cells with Cd being the most potent toxicant. The binary to quaternary 
mixtures of B[a]P, As, Cd, and Pb were prepared based on their individual Dm 
concentration (concentration that results in 50% inhibition of cell viability or IC50) 
using a 1:1 ratio and exposed to HepG2 cells. The CI-isobologram method predicted 
interactions between these chemicals were synergism, additivity or antagonism at 
different effect concentrations (IC10- IC90). All the mixtures except a ternary mixture 
of B[a]P + As + Pb, displayed a synergism at lower effect level (IC10-IC30) and 
additivity, synergism or antagonism at 50-90% effect levels, respectively. Among 
these mixtures, mixtures of As, Cd and Pb (both binary and ternary combinations) 
and a quaternary mixture of B[a]P + As + Cd+ Pb displayed a strong synergistic 
response at lower effect levels compared to other mixtures. The CI method displayed 
an improved prediction power compared to those of classical models of 
concentration addition and independent action. The predicted synergistic interaction 
between B[a]P, As, Cd, and Pb may have an implication on human health risk 
assessment of these mixed chemical mixtures at contaminated sites. 
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Figure 4-1 Graphical representation of toxicity evaluation of mixtures of B[a]P 
and metals in HepG2 cells 
4.1. Introduction 
Benzo[a]pyrene (B[a]P), a polycyclic aromatic hydrocarbon (PAH) is formed during 
the incomplete combustion of organic material and also found widely in tobacco 
smoke and grilled foods. Anthropogenic and industrial activities result in an elevated 
concentration of B[a]P in the environment. B[a]P is a known human carcinogen and 
also causes teratogenicity, neurotoxicity and immunotoxicity (Ba et al. 2015).  
Arsenic (As), cadmium (Cd) and lead (Pb) are naturally occurring substances in the 
environment. Besides their natural occurrence, the environmental concentration of 
these metals is elevated due to manufacturing and industrial activities such as 
mining, smelting operations, and the storage and disposal of waste. Human 
exposure to metals has been associated with a wide range of toxic effects. Exposure 
to arsenic causes skin toxicity, liver injury, peripheral neuropathy, cardiovascular 
diseases and immunotoxicity (ATSDR 2007a). Cadmium exposure results in 
testicular damage, pulmonary edema, osteomalacia, renal and hepatic dysfunction in 
humans (ATSDR 2012). Lead causes reduction in hemoglobin synthesis, and 
neurological, neurobehavioral and developmental effects in children (ATSDR 2007b). 
Furthermore, As and Cd are classified as Group 1 carcinogen (IARC 2012a, b) and 
Pb is a Class 2A carcinogen (IARC 2006). 
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Arsenic, Pb, Cd, and B[a]P are listed as top priority pollutants (ranked as 1, 2, 7 and 
8th) in the Agency for Toxic Substances and Disease Registry (ATSDR) substance 
priority list (ATSDR 2015). The mixed contamination of PAHs and metals is 
ubiquitous in the environment and has received significant attention due to their 
known adverse health effects to humans and other organisms (Huang et al. 2013, 
Ma et al. 2014, Sun et al. 2014, Wang et al. 2015a). Soil is one of the major sinks for 
these mixed contaminants and their co-occurrence at various contaminated sites has 
been reported around the world (Shen et al. 2005, Brown and Peake 2006, Song et 
al. 2006, Thavamani et al. 2011). 
Humans are very rarely exposed to individual contaminants of B[a]P or metals; 
exposure is more likely to a mixture of chemicals from the contaminated 
environment. The available toxicity data for the mixtures of B[a]P and metals are 
very limited and due to this the human health risk of these mixed contaminants is 
assessed based on their individual toxicity. The binary mixture data of As, Cd and Pb 
on various biological endpoints are inconsistent for same endpoints from study to 
study and are less relevant in terms of risk assessment (ATSDR 2004b). In the 
literature, only two reports were available for toxicity assessment of metal mixtures in 
human cell lines, beyond their binary combinations (Bae et al. 2001, Klutse et al. 
2009). In the case of B[a]P and metal mixtures, few studies reported the effect of As 
and Cd on genotoxicity and metabolism of B[a]P (Vakharia et al. 2001b, Evans et al. 
2004, Mukherjee et al. 2004, Lewińska et al. 2007). To the best of our knowledge, 
there is no detailed study available with respect to the assessment of multi-
component mixture toxicity of B[a]P and metals. 
One possible route of human exposure to these chemicals from the soil is by oral 
ingestion. The liver, an organ for biotransformation is one of the main target organs 
of exposed chemicals. B[a]P and metals accumulate in the liver followed by their 
absorption and cause toxicity to liver cells (Babich et al. 1988, Rikans and Yamano 
2000, Chen et al. 2002, Pourahmad et al. 2005, Urani et al. 2005, Shiizaki et al. 
2008). In this study, HepG2 (hepatocellular carcinoma) cell line was used to evaluate 
the interaction toxicity. This cell line is well established for toxicological research and 
possesses a liver-like enzyme pattern, including the enzymes for biotransformation. 
But the level of CYP enzyme expression is low compared to primary hepatocytes 
(Westerink and Schoonen 2007, Gerets et al. 2012). 
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Concentration addition (CA) and independent action (IA) model are extensively used 
to predict the mixture toxicity of chemicals (Altenburger et al. 2000, Backhaus et al. 
2004, Cedergreen et al. 2008). In the recent years, the combination Index (CI) 
method, which is commonly used for drug combination studies (Chou 2006) has 
been used to predict the interaction between environmental chemicals for ecotoxicity 
risk assessment (Rodea-Palomares et al. 2010, Wang et al. 2015b). One distinct 
advantage of this model is prior knowledge about the chemicals mode of action is 
not required in order to determine their interaction.  
The objective of this study is to determine the interaction cytotoxicity of B[a]P, As, 
Cd, and Pb in HepG2 cells. The binary, ternary and quaternary mixture toxicities of 
B[a]P, As, Cd, and Pb were predicted by using the combination index (CI)- 
isobologram method. 
4.2. Materials and methods 
4.2.1. Cell culture 
The maintenance and culture procedures of HepG2 cells were carried out as 
mentioned in Section 3.3.1 of Chapter 3. The cells (1×104 cells/well) were seeded 
into 96 well plates and allowed to attach for 24 h before chemical treatment. During 
the experiment period, cells were maintained in a CO2 incubator at 37 °C under 5% 
CO2.  
4.2.2. Chemical Treatment 
A stock solution of B[a]P and metals (As, Cd and Pb) were prepared in DMSO and 
MilliQ water (18 MΩ.cm) (Merck Millipore, VIC, Australia, respectively). The working 
solutions were prepared in DMEM medium and added to the plates reaching a final 
concentration of 1% v/v of vehicle control (DMSO/or MilliQ water).  
The individual dose responses of B[a]P, As, Cd, and Pb were determined by 
exposing these chemicals to HepG2 cells for 24 h and the selected concentrations 
were 0 to100 μM- B[a]P, 0 to 40 μM -Cd and 0 to 400 μM for both As and Pb. The 
treatment was carried out in triplicate for the vehicle (DMSO or MQ water), individual 
and mixtures of B[a]P and metals. The details of selected individual concentrations 
are provided in Table 4-1. 
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4.2.3. Cytotoxicity assay 
The cell viability was determined as described in Section 3.4 of Chapter 3. 
4.2.4. Mixture experiments 
The mixture experiments was conducted for a total of 11 mixtures, including six 
binary mixtures (As + Cd, As + Pb, Cd + Pb, B[a]P +As, B[a]P + Cd, and B[a]P + 
Pb), four ternary mixtures (As + Cd + Pb, B[a]P + As + Cd, B[a]P + As + Pb, and 
B[a]P + Cd+ Pb) and one quaternary mixture (B[a]P + As + Cd + Pb). Each mixture 
was prepared based on their individual Dm concentration and mixed in 1:1 ratio. The 
binary to quaternary mixtures were prepared using 1:1 to 1:1:1:1 ratio based on the 
Dm concentration of B[a]P and metals. The mixtures were further diluted serially two-
fold for 8 times to define the dose response relationship. A total of three independent 
experiments were conducted and the treatment was carried out in triplicate for each 
concentration and vehicle control (DMSO/or MQ water). The details of the individual 
chemical concentrations in mixtures are provided in Table 4-1. 
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Table 4-1 Individual concentrations of benzo[a]pyrene (B[a]P), arsenic (As), 
cadmium (Cd), and lead (Pb) in the mixture toxicity study of B[a]P, As, Cd, and 
Pb in HepG2 cells. 
4.2.5. Determination of toxicity of Individual and mixtures of B[a]P, As, 
Cd, and Pb 
The individual toxicity of B[a]P, As, Cd, and Pb and their binary, ternary and 
quaternary interaction were determined using the median effect and combination 
index (CI) isobologram, respectively (Chou 2006). This method is based on the 
principle of median-effect (mass-action law), which defines the relationship between 
the concentration of the individual/mixtures and the cytotoxic effect, independent of 
the number of chemicals, and also the mechanism of action. In this method, the 
response of individuals and their combination was determined using the median–
effect equation (1). 
𝐟𝐚
𝐟𝐮
 = (𝐃/𝐃𝐦)
𝐦 
------------------------------------------------------------------------------------------------------------------ (1) 
D is the concentration of chemicals; Dm is the concentration for 50% effect (e.g., 50% 
inhibition of cell viability or IC50); fa is the fraction affected by dose D (e.g., 0.50 if cell 
Type of mixtures As (µM) Cd (µM) Pb (µM) B[a]P (µM) 
Total mixture 
concentration 
(µM) 
Individual dose 
response study 
0, 3.125, 
6.25, 
12.5, 25, 
50, 100, 
200, and 
400 
0, 0.312, 
0.625, 1.25, 
2.5, 5, 10, 20, 
and 40 
0, 3.125, 
6.25, 12.5, 
25, 50, 
100, 200, 
and 400 
0, 1.56, 
3.125, 
6.25, 12.5, 
25, 50, and 
100 
 
-- 
Binary mixtures      
As + Cd 150 2.5 -- -- 152.5 
As + Pb 150 -- 150 -- 300 
Cd + Pb -- 2.5 150 -- 152.5 
B[a]P + As 150 -- -- 25 175 
B[a]P + Cd -- 2.5 -- 25 27.5 
B[a]P + Pb -- -- 150 25 175 
Ternary mixtures 
As + Cd + Pb 150 2.5 150 -- 302.5 
B[a]P + As + Cd 150 2.5 -- 25 177.5 
B[a]P + As + Pb 150 -- 150 25 325 
B[a]P + Cd + Pb -- 2.5 150 25 177.5 
Quaternary mixtures 
B[a]P + As + Cd + 
Pb 
150 2.5 150 25 327.5 
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viability is inhibited by 50%); fu is the unaffected fraction (therefore, fa = 1 − fu), and m 
is the coefficient of the sigmoidicity of the dose-effect curve: m = 1, m > 1, and m < 1 
indicate hyperbolic, sigmoidal, and negative sigmoidal dose-effect curve, 
respectively.  
Dm and m values of each chemical were calculated using the median-effect plot by 
taking into account of both potency (Dm) and shape (m) parameters. These 
parameters (Dm and m) were used to calculate the concentrations of individual 
chemicals and their combinations required to produce various effect levels (e.g. 10, 
30, 50 and 90% effect) using the median-effect equation. 
Combination index (CI) values were calculated for n number of chemical combination 
at x% effect using equation (2). 
n(CI)x = ∑
(𝑫)𝒋
(𝑫𝒙)𝒋
𝒏
𝒋=𝟏  = ∑
(𝑫𝒙)𝟏−𝒏{[𝑫]𝒋 / ∑ [𝑫]
𝒏
𝟏 }
(𝐷𝑚)𝑗{(𝑓𝑎𝑥)𝑗/[1−(𝑓𝑎𝑥 )𝑗]}
1/𝑚𝑗  
𝒏
𝒋=𝟏  ------------------------------------------- (2) 
n(CI)x is the combination index for n chemicals at x% inhibition (e.g., cytotoxicity); 
(Dx)1-n is the sum of the concentration of n chemicals that exerts x% inhibition in 
combination; {[Dj]/∑ [𝐷]
𝑛
1 } is the proportionality of the concentration of each of n 
chemicals that exerts x% inhibition in combination; (𝐷𝑚)𝑗{(𝑓𝑎𝑥)𝑗/[1 − (𝑓𝑎𝑥 )𝑗]}
1/𝑚𝑗  is 
the concentration of each chemicals alone that exerts x% inhibition; fa is the fraction 
affected by individual chemical/mixture concentration. 
4.2.6. Mixture toxicity prediction based on concentration addition, 
independent action and the CI-isobologram method 
The predicted dose response of CI method was compared with the classical models 
of CA and IA.  
The CA model is used for chemicals which are having a similar mode of action. 
Concentration addition (CA) = ECxmix = ∑ (
𝑝𝑖
𝐸𝐶𝑥𝑖
)
−1
𝑛
𝑖=0  --------------------------------------- (3)     
ECxmix is the effect concentration of the mixture provoking x% effect; ECxi is the 
concentration of component i provoking the same effect (x%) as the mixture when 
applied individually; pi is the molar concentration ratio of the ith component in the 
mixture. 
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For chemicals with a different mode of action, the interaction is calculated using 
equation (4) 
 Independent action (IA) = E (Cmix) = 


n
i 1
1 (1-E (Ci) --------------------------------- (4)  
Cmix and E(Cmix) are the total concentration and total effect of the mixture, 
respectively 
E(Ci) is the effect of the i
th component with the concentration of Ci in the mixture. 
The predictive dose response of CI method is computed by using equation (5). 
 CI= = (∑
𝑝𝑖
𝐸𝐶𝑥𝑖  × 𝐶𝐼𝑥𝑐𝑜𝑚𝑝
)𝑛𝑖=1
−1
 ---------------------------------------------------------------- (5) 
CIxcomp is the computed CI value for each mixture at different effect level (0.1-97%) 
from independent experimental toxicity data of the mixtures (Chou 2010). The dose 
response of each mixture was predicted using the computed CI values from 
individual mixture toxicity experiment and different fa levels. 
The quantitative relationship between the predicted and observed effect was 
determined using the index on prediction quality (IPQ) (Grote et al. 2005). The 
predicted dose responses from three different models CA, IA and CI were compared 
with the experimental dose response of multi-component mixtures of B[a]P, As, Cd, 
and Pb.  
If the predicted effect is greater than the observed value, the prediction quality is 
determined by using equation (6) 
For ECpredicted> ECobserved, IPQ= (
𝐸𝐶𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
𝐸𝐶𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
) − 1---------------------------------------------- (6) 
If the predicted value is less than the observed value, the predictive quality is 
determined by using equation (7) 
For EC predicted <EC observed, IPQ = - (
𝐸𝐶𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝐸𝐶𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
) +1----------------------------------------- (7) 
An IPQ value of zero indicates exact prediction by reference models, an IPQ value 
<0 indicates overestimation; values>0 indicates an underestimation of mixture 
effects. 
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4.2.7. Data analysis 
The computer program, CompuSyn developed by Chou and Martin (2005) was used 
for the calculation of dose-effect curve parameters, CI values, and the fa-CI plot. The 
details of CI values and the corresponding descriptions are presented in Table 4-2.  
Table 4-2 Description of combination index values 
The following table provides the CI values and corresponding descriptions. The 
values of CI and descriptions are presented as reported by Chou and Martin (2005).  
 
4.3. Results 
4.3.1. Individual toxicity of B[a]P, As, Cd, and Pb 
The results of the dose response of B[a]P, As, Cd, and Pb and the values of Dm, m 
and r are presented in Table 4-3. Both B[a]P and metals were toxic to HepG2 cells 
and Cd was found to be the most toxic compared to other chemicals with Dm of 2.70 
µM followed by B[a]P (Dm-37 µM). The Dm concentration of As and Pb were 159 and 
217 µM, respectively. Among the four chemicals, Cd was more toxic to HepG2 cells. 
The exact reasons for the differences in the cytotoxicity among these four chemicals 
are not known. Cadmium is a known oxidative stress inducer followed by As and Pb. 
Combination index (CI) range Description 
<0.1 Very strong synergism 
0.1 – 0.3 Strong synergism 
0.3 – 0.7 Synergism 
0.7 – 0.85  Moderate synergism 
0.85 – 0.90 Slight synergism 
0.90 – 1.10 Nearly additive 
1.10 – 1.20 Slight antagonism 
1.20 – 1.45 Moderate antagonism 
1.45 – 3.3 Antagonism 
3.3 - 10 Strong antagonism 
>10 Very strong antagonism 
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The differences in their respective ability to induce oxidative stress might be the 
reason for the observed differences in the cytotoxicity. With B[a]P, production of free 
radicals during the metabolism and interaction of metabolites with HepG2 cells result 
in toxicity. The limitation of metabolism in HepG2 cells might be one of the reasons 
for the observed difference in the cytotoxicity. The effects of B[a]P and metals on 
oxidative stress parameters are discussed in Chapters 5 and 6. 
4.3.2. Toxicological interactions between multi-component mixtures of 
B[a]P, As, Cd, and Pb  
The dose response curve parameters (Dm, m and r) of binary mixtures of metals (As 
+ Cd, Cd+ Pb and As+ Pb), binary mixtures of B[a]P with metals (B[a]P + As, B[a]P + 
Cd and B[a]P + Pb), ternary mixtures (Cd + As + Pb, B[a]P + As + Cd, B[a]P + AS + 
Pb, and B[a]P + Cd + Pb) and quaternary mixture (B[a]P + As + Cd+ Pb) and their 
cytotoxicity to HepG2 cells are summarised in Table 4-3. The different nature of 
interactions (synergism, antagonism or additivity) between these mixtures and 
combination index plot (fa-CI plot) are presented in Figure 4-2. For each mixture, 
average CI values at different effect level (IC10, IC30, IC50, and IC90) are summarised 
in Table 4-3. 
4.3.2.1. Binary mixture toxicity of As, Cd and Pb 
All the three metal mixtures (As + Cd, Cd + Pb and As + Pb) displayed synergistic 
response at the 10% level and strong synergism was observed for the mixture of As 
+ Pb with CI value of 0.25. The observed synergism was extended up to 30 and 50% 
level for Cd+ Pb and As + Pb mixtures, respectively. The binary mixture of As + Cd 
displayed an additive response at the 30-50% level. An antagonistic effect was 
observed for all the mixtures of metals at the IC90 level and the mixture of As + Pb 
displayed strong antagonism (CI value 3.3). 
4.3.2.2. Binary mixture toxicity of B[a]P, As, Cd, and Pb 
The binary mixture of B[a]P + Cd showed a synergistic effect up to the 50% level and 
antagonism at the 90% level. The mixtures of B[a]P + As and B[a]P + Pb displayed 
synergism at the 10-30% level, additivity at the 50% level and antagonism at the 
90% level, respectively. All three mixtures displayed the same levels of synergistic 
response (CI value- 0.55 to 0.73) at lower effect levels (10-30% level). 
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4.3.2.3. Ternary and quaternary mixture toxicity of B[a]P, As, Cd, and Pb 
Ternary mixtures of B[a]P + As + Cd and B[a]P + Cd + Pb displayed synergism at 
the 10-50% level and antagonism at the 90% level. But, the mixture of B[a]P + As + 
Pb displayed an antagonistic response for the entire effect level (10-90%). The 
ternary mixture of As, Cd and Pb showed a synergism at the 10-50% level and an 
antagonism at the 90% level. Among all the ternary mixtures, metal mixtures showed 
strong synergism at a lower effect level with a CI value of 0.34. With the quaternary 
mixture of B[a]P + As + Cd + Pb, synergism was observed up to the 50% effect level 
(strong synergism at the 10% level, CI-0.29) and antagonism at the 90% level. 
4.3.3. Mixture toxicity prediction based on concentration addition, 
independent action and the CI-isobologram method 
The dose response parameters and predicted dose response effect of all three 
models CA, IA and CI along with experimental data are presented in Table 4-4 and 
Figures 4-3 to 4-6, respectively. The IPQ value of all three models was less than one 
for all the mixtures except for a ternary mixture of B[a]P + As +Pb. This indicates a 
good agreement between the observed and predicted effects. Among these three 
prediction models, the predictive power of CI model is superior to those of CA and IA 
models (comparatively IPQ value of CI method is less for six out of 11 mixtures 
compared to CA and IA models). In addition, the CI- isobologram method accurately 
predicts the synergistic interaction between these mixtures.  
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Table 4-3 Dose response parameters and combination index (CI) values of multi-component mixtures of B[a]P, As, Cd, 
and Pb in HepG2 cells. 
    CI values of mixtures at different effect levels and description 
Chemical 
combination 
Dm (µM) m r IC10  IC30  IC50  IC90 
 
As 159 1.5 ± 0.25 0.94 ---  ---  ---  ---  
Cd 2.70 1.4 ± 0.10 0.97 ---  ---  ---  ---  
Pb 217 1.2 ± 0.32 0.96 ---  ---  ---  ---  
B[a]P 37.0 0.9 ± 0.11 0.97 ---  ---  ---  ---  
Binary mixtures- As, Cd and Pb mixtures 
As + Cd 87.7 1.0 ± 0.17 0.97 0.62 ± 0.27 SYN 0.88 ± 0.36 ADD 1.1 ± 0.36 ADD 2.1 ± 0.43 ANT 
As + Pb 170.0 0.78 ± 0.30 0.92 0.25 ± 0.19 SYN 0.51 ± 0.22 SYN 0.83 ± 0.23 SYN 3.3 ± 0.92  ANT 
Cd + Pb 93.2 0.91 ± 0.07 0.94 0.43 ± 0.17 SYN 0.69 ± 0.35 SYN 0.97 ± 0.55 ADD 2.40 ± 1.5 ANT 
Binary mixtures- B[a]P, As, Cd, and Pb mixtures 
B[a]P + As 109.5 0.73 ± 0.07 0.97 0.55 ± 0.48 SYN 0.70 ± 0.36 SYN 0.97 ± 0.38 ADD 3.6 ± 1.8 ANT 
B[a]P + Cd 13.7 0.88 ± 0.02 0.95 0.60 ± 0.30 SYN 0.66 ± 0.25 SYN 0.78 ± 0.37 SYN 1.6 ± 0.90 ANT 
B[a]P + Pb 132.7 0.68 ± 0.05 0.97 0.64 ± 0.30 SYN 0.73 ± 0.13 SYN 0.93 ± 0.26 ADD 2.7 ± 0.57 ANT 
Ternary mixtures of B[a]P, As, Cd, and Pb 
As+ Cd + Pb 101.7 0.93 ± 0.24 0.92 0.34 ± 0.29 SYN 0.52 ± 0.28 SYN 0.72 ± 0.22 SYN 2.1 ± 0.81 ANT 
B[a]P + As + Cd 73.9 0.67 ± 0.12 0.98 0.43 ± 0.39 SYN 0.52 ± 0.26 SYN 0.77 ± 0.26 SYN 3.8 ± 1.5 ANT 
B[a]P + As + Pb 305 0.74 ± 0.14 0.97 1.33 ± 0.76 ANT 1.40 ± 0.62 ANT 1.67 ± 0.64 ANT 3.6 ± 1.0 ANT 
B[a]P + Cd + Pb 67.0 0.74 ± 0.23 0.97 0.53 ± 0.52 SYN 0.59 ± 0.36 SYN 0.78 ± 0.20 SYN 3.3 ± 1.5 ANT 
Quaternary mixture of B[a]P As, Cd, and Pb 
B[a]P + As + Cd + As 68.0 0.7 ± 0.13 0.95 0.29 ± 0.19 SYN 0.50 ± 0.25 SYN 0.81 ± 0.35 SYN 4.0 ± 1.4 ANT 
Values are mean or mean ± SD for Dm, m and CI values; Values are from three independent experiments for each mixture. Dm - concentration 
for 50% effect on cell viability; m - coefficient of the sigmoidicity of the dose-effect curve; r - linear correlation coefficient of the median-effect 
plot; CI - combination index; IC - Inhibitory concentration; ADD - additivity; ANT - antagonism; SYN - synergism.   
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Figure 4-2 Combination index plot (fa–CI plot) of multi-component mixtures of B[a]P and metals in HePG2 cells.  
CI values are plotted as a function of cell viability (fa). CI < 1, = 1 and > 1 indicates synergism, additive and antagonism, respectively. B[a]P -
benzo[a]pyrene; As- arsenic; Cd- cadmium; Pb- lead. 
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4.4. Discussion 
In this study, the toxicity of multi-component mixtures of B[a]P, As, Cd, and Pb was 
determined in HepG2 cells by exposing the chemical mixtures for 24 h and the CI - 
isobologram method was used to predict the mixture toxicity. The treatment period of 
24 h was selected based on the doubling time of HepG2 cells (24 h) and also as 
reported by the International Workshop on In Vitro Methods for Assessing Acute 
Systemic Toxicity (ICCVAM 2001). The cytotoxicity of individual chemical and 
mixtures was determined using the MTS assay. The cell viability (MTS) assay has 
been widely used with great success in toxicity testing and it is stable, cost-effective, 
simple to use, and suitable for high-throughput testing (Niles et al. 2008) 
The main observation in the mixture interaction was the predicted synergistic 
response at lower effect levels (IC10-30) for all mixtures with the exception of the 
ternary mixture of B[a]P + As+ Pb. All six mixtures of binary combinations displayed 
various degrees of synergism (strong to moderate synergism) at these effect levels. 
The percentage of binary mixtures displaying synergism at IC10, IC30, and IC50 was 
100, 83 and 33%, respectively. For ternary and quaternary mixtures, the observed 
synergism at IC10 was extended up to the IC50 level. A total of 75% of ternary 
mixtures displayed a synergistic response at the IC10-50 level. 
The observed effect of synergism and antagonism at various effect levels with metal 
mixtures is supported by findings of Bae et al. (2001) and Klutse et al. (2009). The 
cytotoxic interactions among As, Cd, Cr, and Pb in four immortal human keratinocyte 
cell lines were determined by Bae et al. and observed similar findings of synergism 
and antagonism at lower and higher dose of mixtures, respectively. Klutse et al. 
studied the interaction between As, Cd, Pb, and Hg in MCF cell line and observed 
synergism to additive or antagonism with the increasing concentration of the metal 
mixtures. 
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Table 4-4 Comparison of experimental data and dose response effect predictions based on concentration addition (CA), 
independent action (IA) models and combination index- isobologram (CI) method. 
  Predicted dose response- CA, IA and CI method  IPQ  
 Experimental data CA IA CI CA IA CI 
 Dm m r Dm m r Dm m r Dm m r    
Binary mixtures- As, Cd and Pb mixtures    
As + Cd 87.7 1.0 ± 0.17 0.97 84.25 1.4 0.99 73.3 1.8 0.99 102.4 0.91 0.99 -0.04 -0.20 0.17 
As + Pb 170.0 0.78 ± 0.30 0.92 212.0 1.4 0.99 174.0 1.6 0.99 182 0.74 0.91 0.24 0.02 0.07 
Cd+ Pb 93.2 0.91 ± 0.07 0.94 119.3 1.2 0.99 96.0 1.5 0.99 110 0.86 0.99 0.28 0.03 0.18 
                
Binary mixtures- B[a]P, As, Cd, and Pb mixtures    
B[a]P + As 109.5 0.73 ± 0.07 0.97 86.0 1.0 0.98 57.5 1.2 0.95 102.2 0.70 0.99 -0.27 -0.9 -0.07 
B[a]P + Cd 13.7 0.88 ± 0.02 0.95 18.4 1.0 0.99 13.6 1.3 0.97 16.1 0.85 0.99 0.34 -0.007 0.18 
B[a]P+ Pb 132.7 0.68 ± 0.05 0.97 116.0 0.89 0.99 76.3 1.1 0.97 135.3 0.68 0.99 -0.14 -0.74 0.02 
Ternary mixtures of B[a]P, As, Cd, and Pb    
Cd+ Pb+ As 101.7 0.93 ± 0.24 0.92 135.3 1.4 0.99 117 1.8 0.97 100.3 0.85 0.99 0.33 0.15 -0.01 
B[a]P +As + Cd 73.9 0.67 ± 0.12 0.98 62.3 0.92 0.98 40.1 1.2 0.95 86.8 0.63 0.99 -0.19 -0.84 0.13 
B[a]P + As + Pb 305.0 0.74 ± 0.14 0.97 119.0 0.96 0.98 77.3 1.3 0.96 254.0 0.84 0.99 -1.6 -2.9 -0.20 
B[a]P + Cd + Pb 67.0 0.74 ± 0.23 0.97 75.0 0.91 0.98 47.3 1.3 0.95 63.3 0.70 0.99 0.12 -0.42 0.06 
Quaternary mixtures of B[a]P, As, Cd, and Pb    
B[a]P + As + Cd + Pb 68.0 0.7 ± 0.13 0.95 86.5 1.0 0.98 53.0 1.4 0.96 46.0 0.78 0.99 0.27 -0.28 -0.48 
                
 Values are mean or mean ± SD for experimental data; For CA, IA and CI methods - values are mean; Dm - concentration for 50% effect on cell 
viability; m- coefficient of the sigmoidicity of the dose-effect curve; r - linear correlation coefficient of the median-effect plot; CA - concentration 
addition; IA- Independent action; CI - combination index- isobologram; IPQ - index on prediction quality. IPQ= 0 indicates perfect agreement 
between observed and predicted effect; IPQ < 0- an overestimation; IPQ >0- underestimation. 
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 Figure 4-3 Comparison of the dose-response effect of binary mixtures of metals (As + Cd, As + Pb and Cd + Pb) – 
observed and predicted responses (CA, IA and CI models) in HepG2 cells. 
Experimental data are expressed as mean values from three independent experiments. CA - concentration addition; IA - independent action; CI 
- combination index (CI) isobologram method; As - arsenic; Cd - cadmium and Pb - lead.  
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Figure 4-4 Comparison of the dose-response effect of binary mixtures of B[a]P and metals (B[a]P + As, B[a]P + Cd and     
B[a]P + Pb)- observed and predicted responses (CA, IA and CI models) in HepG2 cells. 
Experimental data are expressed as mean values from three independent experiments. CA - concentration addition; IA - independent action; CI 
- combination index (CI) isobologram method; B[a]P - benzo[a]pyrene; As - arsenic; Cd - cadmium and Pb - lead.                
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Figure 4-5 Comparison of the dose-response effect of ternary mixtures of B[a]P and metals - observed and predicted 
responses (CA, IA and CI models) in HepG2 cells. 
Experimental (EXP) data are expressed as mean values from three independent experiments. CA - concentration addition; IA - independent 
action; CI- combination index (CI) isobologram method; B[a]P – benzo[a]pyrene; As – arsenic; Cd - cadmium and Pb - lead.    
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Figure 4-6 Comparison of the dose-response effect of multi-component 
mixtures of B[a]P and metals - observed and predicted responses (CA, IA and 
CI models) in HepG2 cells. 
Experimental (EXP) data are expressed as mean values from three independent 
experiments. CA- concentration addition; IA - independent action; CI - combination index 
(CI) isobologram method; B[a]P – benzo[a]pyrene; As – arsenic; Cd - cadmium and Pb - 
lead. 
 
 
 53 
 
One possible explanation for the observed antagonistic response at a higher effect 
level is due to the presence of a strong defense mechanism in the liver. The low 
molecular weight protein metallothionein (MT) synthesis was up-regulated upon Cd 
exposure, which protects the liver against Cd toxicity in rodents (Klaassen et al. 
1999, Yang and Shu 2015). In addition, As also induces MT genes and heat shock 
protein, which may reduce the toxicity of As and of Cd by detoxification (Kreppel et 
al. 1993, Del Razo et al. 2001). The cellular glutathione level plays an important role 
in the resistance to metal toxicity (Yamano et al. 2000, Liu et al. 2009, Flora et al. 
2014, Rubino 2015). Arsenic, Cd and Pb also reduce the toxicity (carcinogenic 
potential) of B[a]P by decreasing the B[a]P mediated induction of its bioactivation by 
CYP1A1 (Vakharia et al. 2001b). In addition, the Nrf2 (nuclear factor erythroid 2 -
related factor 2)-antioxidant response element (ARE) pathway is activated following 
these chemicals exposure. The Nrf2-ARE pathway plays a major role in the 
protection of cells against metals and B[a]P induced oxidative stress (Ramos-Gomez 
et al. 2003, García-Niño and Pedraza-Chaverrí 2014). In our laboratory, we have 
used the HepG2-Nrf2 reporter system to confirm the activation of the Nrf2-ARE 
pathway by B[a]P, As, Cd, and Pb (Chapter 5). The co-exposure of Cd and B[a]P 
resulted in a significant increase in the expression of Nrf2-responsive genes and 
cellular glutathione levels (Simon et al. 2014). Combined defense activities like Nrf2-
ARE pathway activation, induction of MT and heat shock protein, the antioxidant 
protective effect of glutathione, and metabolic inhibition of B[a]P by metals may 
contribute to the protection of cells from mixture toxicity and to the observed 
antagonistic response at a higher effect level of mixtures.  
The observed interaction between B[a]P, As, Cd, and Pb especially synergism at 
different effect level cannot be explained in terms of the known mechanisms of 
action. In a few cases, these metals enhanced the toxicity of B[a]P. Arsenic in 
combination with B[a]P had a synergistic effect on the cytotoxicity in human lung 
carcinoma cells (Chen et al. 2013) and also potentiate the genotoxicity of B[a]P 
(Maier et al. 2002, Lewińska et al. 2007, Chen et al. 2013). The available report for 
the mixture of B[a]P and Cd on the genotoxicity is inconsistent as both synergistic 
(Mukherjee et al. 2004, Peng et al. 2015) and antagonistic effect was reported by 
various authors (Lewińska et al. 2007, Simon et al. 2014). There is no detailed report 
available for the toxicity of these mixtures, especially for higher order mixtures 
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(ternary and quaternary). This study is the first report on the mixture toxicity of multi-
component mixtures of B[a]P, As, Cd, and Pb and the results showed the different 
nature of interactions between these mixtures.  
CA and IA models are traditionally used to predict the mixture toxicity effects of 
chemicals. Cedergreen et al. (2008) reported that only half of the 158 mixture data 
were accurately predicted by either CA or IA models. The CI method was 
successfully used to study the interaction between drugs/chemicals for ecotoxicity 
risk assessment and reported to have improved the predictive power compared to 
classical models (Rodea-Palomares et al. 2010, González-Pleiter et al. 2013, Wang 
et al. 2015b). In this study, the CI method was used to predict the interaction 
between environmental chemicals in human cell lines and this method is useful to 
predict the different nature of the interaction between B[a]P and metals at various 
effect levels. 
4.5. Conclusions 
The binary, ternary and quaternary mixture toxicity of B[a]P, As, Cd, and Pb was 
determined in HepG2 cells and the CI-isobologram method was used to predict the 
mixture toxicity. The nature of interaction varies according to the effect levels and the 
number of components in the mixtures. This multi-component mixture of B[a]P, As, 
Cd, and Pb displayed synergistic and antagonistic interaction at low and higher effect 
levels, respectively. The observed synergistic effect increases with the complexity of 
the mixture. Given the complexity of the chemical-biological interaction in the cells, 
further interaction studies on other endpoints such as oxidative stress, genotoxicity 
and toxicokinetic interaction can provide a complete data set for health risk 
assessment of these mixed contaminants. The CI method is useful to evaluate 
mixture interactions and could accurately predict the combined toxicity compared to 
CA and IA models. 
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5. Effects of multi-component mixtures of polyaromatic 
hydrocarbons and metals on Nrf2-Antioxidant Response 
Element (ARE) pathway in ARE reporter–HepG2 cells 
Abstract 
This chapter deals with the combined effect of PAHs and metals on oxidative stress 
response. It is well known that the exposure to PAHs and metals induce an oxidative 
stress response in mammalian cells. But, the combined effect of PAHs and metals 
on the oxidative stress response has not been reported extensively. The Nrf2 
antioxidant response pathway plays an important role in cellular antioxidant defense 
against oxidative stress-induced cell damage. The objective of this study is to 
evaluate the combined effect of four PAHs (B[a]P, Nap, Phe, and Pyr) and three 
metals (As, Cd and Pb) on the Nrf2 antioxidant response pathway using the ARE 
reporter-HepG2 cell line. The effect of binary, ternary, quaternary, and seven-
chemical combinations of PAHs and metals on the antioxidant pathway was 
evaluated. Initially, individual dose responses of PAHs (B[a]P, Nap, Phe, and Pyr) 
and metals (As, Cd and Pb), as well as their respective concentrations that induced 
an induction ratio of 1.5 (ECIR1.5) were determined. The luciferase assay system was 
used to quantify the induction of the Nrf2 antioxidant response pathway. Both PAHs 
and metals activated the Nrf2 antioxidant pathway in ARE reporter-HepG2 cells. 
Among these chemicals, Cd was the most potent inducer followed by B[a]P and As. 
Based on the individual dose response findings, PAHs and metals were mixed at 
equipotent ratios using a fixed concentration ratio, and the effects of the mixtures 
(binary to seven-component) on the Nrf2 antioxidant response pathway were 
determined. The concentration addition (CA) model was used to predict the mixture 
effects on the oxidative stress response. Overall, the multi-component mixtures of 
PAHs and metals induced an oxidative stress response in the ARE reporter-HepG2 
cells, and this effect could be well predicted by the CA model. A human cell line 
based reporter gene assay system was successfully used to determine the effect of 
mixtures of two groups of common contaminants on the oxidative stress response 
pathway.  
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Figure 5-1 Graphical representation of effects of mixtures of PAHs and metals 
on the Nrf2 antioxidant response pathway in the ARE reporter- HepG2 cells. 
5.1. Introduction 
Cellular exposure to chemicals either alone or in mixtures, causes an imbalance in 
reactive oxygen species (ROS) production, which may diminish the ability of cells to 
detoxify these ROS (Klaunig et al. 2010, Reuter et al. 2010, Ziech et al. 2010). 
Oxidative stress induced by environmental stressors is associated with cancers, lung 
diseases, neurodegenerative disorders, atherosclerosis, rheumatoid arthritis, 
diabetes, cardiovascular diseases, stroke, and aging (Andersen 2004, Madamanchi 
et al. 2005, Giustarini et al. 2009). Among the various classes of stressors, 
polyaromatic hydrocarbons (PAHs) and metals are ubiquitous environmental 
pollutants of global concern. Both PAHs and metals are known to cause a broad 
spectrum of adverse health effects in humans (Tokar et al. 2012, Kim et al. 2013).  
Chronic exposure to elevated levels of arsenic (As), cadmium (Cd) and lead (Pb) of 
which As and Cd are human carcinogens, can also cause adverse effects in the 
neurological, cardiovascular, hematological, gastrointestinal, musculoskeletal, and 
immunological systems. Both the individual toxicity and human health risk 
assessment of these metals have been extensively reviewed and reported by 
various international regulatory agencies such as WHO and US EPA. Oxidative 
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stress is attributed as the unifying factor for metal toxicity (Flora et al. 2008, Henkler 
et al. 2010) and metal induced oxidative stress may result in lipid peroxidation, 
damage to cellular protein and nucleic acids leading to a variety of cellular 
dysfunctions, including cell death (Valko et al. 2005).  
Similarly, some PAHs are known human carcinogens and cause developmental and 
immunotoxicity. Most of the PAHs are indirect carcinogens and require metabolic 
activation to exert their toxicity. For example, B[a]P (Group I carcinogen) is 
metabolically activated by CYP1A1 and CYP 1B1 enzymes (Kim and Lee 1997, Xue 
and Warshawsky 2005). During the metabolism of B[a]P, free radicals are formed 
and these radicals can cause oxidative damage to the DNA (Costa et al. 2010, Tsuji 
et al. 2011). Naphthalene (Nap) (Group 2B carcinogen) is associated with hemolytic 
anemia, cataract and respiratory disorders (Stohs et al. 2002). Oxidative stress plays 
an important role in naphthalene toxicity (Bagchi et al. 2001). There are no data 
available on the toxicity of Phe and Pyr (Group 3 carcinogens) to humans. These 
four PAHs are selected for this study because of their frequent occurrence at 
hazardous waste sites, potential human exposure and also listed as priority 
pollutants by US EPA. Naphthalene, Phe and Pyr are included in the study due to 
their common occurrence as mixtures with B[a]P and also to determine their 
potential interaction effect with B[a]P. 
Humans have developed an elaborate antioxidant defense mechanism to protect the 
cells against oxidative stress-induced damage (Limón-Pacheco and Gonsebatt 
2009). A major cellular defense mechanism against oxidative stress is the activation 
of antioxidant genes that are involved in the detoxification and elimination of reactive 
oxidants by enhancing the cellular antioxidant capacity (Nguyen et al. 2009). The 
Nrf2 (nuclear factor erythroid 2 (NFE2)-related factor 2) antioxidant response 
pathway plays a pivotal role in protecting the cells against oxidative stress through 
ARE-mediated expression and coordinated induction of antioxidant enzymes (Lee 
and Johnson 2004, Kang et al. 2005). Cellular exposure to electrophilic chemicals 
activates the Nrf2 antioxidant response pathway and the measurement of Nrf2 
pathway induction is considered as a reliable indicator of oxidative perturbation. 
Arsenic (Jiang et al. 2009, Son et al. 2015), Cd (He et al. 2008, Wu et al. 2012) and 
Pb (Simmons et al. 2011, Wang et al. 2013) have been reported to activate the Nrf2 
antioxidant response pathway following their exposure and the Nrf2 antioxidant 
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defense mechanism also plays a major role against B[a]P induced carcinogenesis 
(Ramos-Gomez et al. 2003). 
PAHs and metals often are co-occurred in the environment (Reddy et al. 2010, 
Huang et al. 2013). Amongst these environmental pollutants, As, Cd, Pb, and B[a]P 
are top priority pollutants. At elevated levels, these contaminants can cause serious 
health effects in humans and other organisms, and oxidative stress is one of the 
common modes of action for these mixed contaminants. To the best of our 
knowledge, there are no studies reported on the effects of mixtures of PAHs and 
metals on the oxidative stress response. 
 In this study, the ARE reporter-HepG2 cell line is used to determine the interaction 
effect on the Nrf2 antioxidant response pathway, an indicator of oxidative stress 
response. The liver is the major organ for environmental chemical metabolism and 
metals are known to cause toxicity to liver cells (Christensen et al. 2013). HepG2 
cells have been extensively used for toxicological research and their inherent 
metabolic capacity is useful to determine the toxicity of chemicals like PAHs 
(Wilkening et al. 2003). These cells are highly differentiated and display many of the 
genotypic features of normal liver cells, and have a high level of steady state 
antioxidant defense system compared to primary hepatocytes (Lee et al. 2002, Alia 
et al. 2005). Hence, the HepG2 cell line is used as a model for studying the 
mechanism of oxidative stress.  
The objective of this study is to determine, for the first time, the effects of up to a 
seven-component mixture of PAHs and metals on the Nrf2 antioxidant response 
pathway using the ARE reporter-HepG2 cell line. The mixture effect is determined for 
binary, ternary, quaternary and seven-component mixtures of PAHs and metals. 
5.2.  Materials and methods 
5.2.1. Cell line 
The cell culture and maintenance of the ARE reporter-HepG2 cells were carried out 
as mentioned in Section 3.3.2 of Chapter 3. During the experiment, the cells at a 
density of 12000 cells/well were seeded into 96-well plates (Corning® 96 well flat 
clear bottom, sterile white polystyrene) and incubated at a laboratory room 
temperature (24 ± 1 ºC) for 15 min for cell settling. The cells were further incubated 
at 37 °C under 5% CO2 in a humidified incubator for another 24 h. 
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5.2.2. Chemical treatment 
Stock dilutions of PAHs (B[a]P, Nap, Phe, and Pyr) and metals (As, Cd and Pb) were 
prepared in DMSO and MilliQ water, respectively. The working solutions were 
prepared in MEM medium and added to the plates containing the cultured cells with 
the final concentration of vehicle (DMSO /or MilliQ water) at 0.5% v/v.  
5.2.3. Cytotoxicity assay 
Initially, the cytotoxic effect of PAHs and metals in the ARE reporter-HepG2 cells 
were determined using the MTS assay (CellTiter 96® aqueous one solution, 
Promega, Madison, WI, USA). The selected concentrations were 0, 1.56, 3.12, 6.25, 
12.5, 25, 50, and 100 µM of B[a]P, Nap, Phe, and Pyr; 0, 0.156, 0.312, 0.625, 1.25, 
2.5, 5, 10, and 20 µM of Cd; 0, 3.12, 6.25, 12.5, 25, 50, 100, and 200 µM of As and 
0, 2.34, 4.68, 9.37, 18.75, 37.5, 75, and 150 µM of Pb. The working solutions 
containing the treatment chemicals and vehicle control were exposed in triplicate to 
the ARE reporter-HepG2 cells for 24 h. 
The cytotoxicity was determined as mentioned in Section 3.4 of Chapter 3. 
5.2.4. Determination of activation of Nrf2 antioxidant response pathway  
In the preliminary experiments, the activation effect of PAHs and metals on the Nrf2 
antioxidant response pathway in the ARE reporter-HepG2 cells was not dose 
proportion at higher concentrations, and a substantial decrease in the Nrf2 
antioxidant response pathway activation was observed at concentrations near the 
cytotoxic level (data not shown). Based on these observations, the following 
concentrations were selected for the individual dose response study, 0-5 µM of 
B[a]P; 0-15 µM of Nap, Phe and Pyr; 0-5 µM of As; 0-0.75 µM of Cd; 0-10 µM of Pb. 
tert-butylhydroquinone (t-BHQ, 0-20 µM) was used as a positive control. The 
chemical or vehicle control exposure period was 24 h. 
The Nrf2 antioxidant response pathway activation was determined as mentioned in 
Section 3.5 of Chapter 3. 
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5.2.5. Mixture study: Determination of effects of multi-component 
mixtures of PAHs and metals on Nrf2 antioxidant response pathway 
Mixture experiments were conducted for binary, ternary, quaternary, and seven-
component mixtures of PAHs and metals. All the mixtures experiments were 
conducted using the fixed ratio concentrations and chemicals were mixed at 1:1, an 
equipotent ratio based on their individual ECIR1.5 value. The individual mixture was 
diluted in 1:3 serial dilutions (from high to low concentrations) for six or seven times 
and a full concentration-response study was carried out. The chemical treatment was 
carried out in triplicate for each concentration and two or three independent 
experiments were conducted for the mixture interaction studies. The details of 
chemical mixtures and concentrations are provided in Table 5-1.  
5.2.6. Prediction of mixture effects based on the concentration addition 
(CA) model 
Concentration addition (CA) and independent action (IA) model are commonly used 
for the prediction of chemical mixture toxicity and the CA model is used for chemicals 
with the same mode of action. In the individual dose response study, both PAHs and 
metals activated the Nrf2 antioxidant response pathway (same mode of action) in the 
ARE reporter-HepG2 cells. Hence, the CA model was used to predict the mixture 
effects as described by Escher et al. (2013) using equation (1)  
ECIR1.5,CA = 
1
∑
𝑝𝑖
𝐸𝐶𝐼𝑅1.5,𝑖
𝑛
𝑖=1
 --------------------------------------------------------------------------- (1) 
ECIR1.5,CA is the concentration of the mixture, ECIR1.5,i is the concentration of 
component i, and pi is the molar concentration ratio of the i
th component in the 
mixture. 
The difference and quantitative relationship between predicted and observed effects 
were determined using an index on prediction quality (IPQ).  
If the predicted value is greater than the observed value, the prediction quality is 
determined by using equation (2) 
For ECpredicted > ECobserved, IPQ = (
𝐸𝐶𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
𝐸𝐶𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
) − 1-------------------------------------------- (2) 
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If the predicted value is less than observed value, the prediction quality is 
determined by using equation (3) 
For EC predicted < EC observed, IPQ = -(
𝐸𝐶𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑
𝐸𝐶𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑
) +1----------------------------------------- (3) 
An IPQ value of zero indicates an exact prediction by the reference models, while an 
IPQ value <0 indicates an overestimation and a value >0 indicates an 
underestimation of mixture effects. 
5.2.7. Statistical analysis 
Data are presented as mean ± SD of the experimental and predicted values. 
Statistical analysis was carried out using GraphPad Prism version 6.00 for Windows 
(GraphPad Software, La Jolla California USA, http://www.graphpad.com). Data was 
analysed using “student’s t-test” and the significant difference between the 
experimental and CA-predicted values was evaluated at p <0.05”.  
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Table 5-1 Concentrations of individual chemicals in the multi-component 
mixtures of PAHs and metals for activation of the Nrf2 antioxidant response 
pathway assay in the ARE reporter-HepG2 cells. 
 
Ternary mixture of metals 
As + Cd + Pb 1.5 0.5 3 --   -- -- -- 
Ternary mixtures of B[a]P + metals 
B[aP + As + Cd 1.5 0.5 -- 1.5 -- -- -- 
B[aP + As + Pb 1.5 -- 3 1.5 -- -- -- 
B[aP + Cd + Pb -- 0.5 3 1.5 -- -- -- 
Ternary mixtures of B[a]P + other PAHs 
B[a]P + Nap + Phe -- -- -- 1.5 5 5 -- 
B[a]P + Nap + Pyr -- -- -- 1.5 5 -- 5 
B[a]P + Phe + Pyr -- -- -- 1.5 -- 5 5 
Quaternary mixtures of B[a]P + metals 
B[a]P + As + Cd + Pb 1.5 0.5 3 1.5 -- -- -- 
Quaternary mixtures of B[a]P + other PAHs 
B[a]P + Nap + Phe 
+ Pyr 
 -- -- 1.5 5 5 5 
Seven-component mixtures 
PAHs + metals 1.5 0.5 3 1.5 5 5 5 
The concentrations of mixture studies were selected based on the effects of 
individual PAHs and metals on the Nrf2 antioxidant pathway. The binary to seven-
component mixtures were prepared using the equipotency ratio of PAHs and metals 
and each mixture was prepared using the 1:1 ratio based on their individual ECIR1.5 
value. 
 
 
 
Mixtures 
Concentration (µM) 
As  Cd  Pb  B[a]P  Nap  Phe  Pyr  
Binary mixtures of metals 
As + Cd 1.5 0.5 -- -- -- -- -- 
As + Pb 1.5 -- 3 -- -- -- -- 
Cd + Pb -- 0.5 3 -- -- -- -- 
        
Binary mixtures of B[a]P + metals 
B[a]P + As 1.5 -- -- 1.5 -- -- -- 
B[a]P + Cd -- 0.5 -- 1.5 -- -- -- 
B[a]P + Pb -- -- 3 1.5 -- -- -- 
        
Binary mixtures of B[a]P + other PAHs  
B[a]P + Nap -- -- -- 1.5 5 -- -- 
B[a]P + Phe -- -- -- 1.5 -- 5 -- 
B[a]P + Pyr -- -- -- 1.5 -- -- 5 
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5.3. Results 
5.3.1. Cytotoxicity of PAHs and metals 
The metals were found to be more toxic to ARE reporter-HepG2 cells than the PAHs. 
Among the metals, Cd was more toxic with an IC50 value of 3.36 µM followed by As 
(IC50=72 µM) and Pb (IC50=108 µM). Benzo[a]pyrene was toxic to ARE reporter-
HepG2 cells and a reduction in cell viability was observed at concentrations above 
12.5 µM (max. of 30 % at 25 µM). At 100 µM, precipitation of B[a]P in the medium 
was observed during the 24 h exposure period. The other PAHs were found to be 
nontoxic to ARE reporter-HepG2 cells up to the maximum feasible (soluble) 
concentrations (Table 5-2). 
 
Table 5-2 Cytotoxicity and oxidative stress response of individual PAHs and 
metals in the ARE reporter-HepG2 cells.  
Cytotoxicity was determined using the MTS assay. IC50 – cytotoxicity is expressed in 
concentration causing 50% inhibition of cell growth; *- reduction of cell viability at 
>12.5 µM and a maximum of 30% reduction in cell viability was observed at 25 µM. 
N.D. = toxicity was not detected up to the maximum soluble concentration in the 
culture medium. The activation of Nrf2 antioxidant response pathway of PAHs and 
metals was determined using the luciferase assay system. Chemicals were exposed 
to ARE reporter-HepG2 cells for 24 h. ECIR1.5 – concentration that results in 1.5 fold 
of induction in the luciferase assay. Values are expressed as mean ± SD (n=9 from 
three independent experiments). 
 Cytotoxicity 
Nrf2 antioxidant response 
pathway activation 
Chemical IC50 (µM) ECIR1.5 (µM) 
As 72 (65 – 79) 1.09 ± 0.23 
Cd 3.36 (2.9 – 4) 0.58 ± 0.24 
Pb 108 (96 – 122 ) 3.10 ± 0.57 
   
B[a]P* 
Maximum of 30% reduction in 
cell viability at 25 µM 
0.93 ± 0.27 
Nap N.D. 
N.D. 
N.D. 
7.10 ± 2.60 
Phe 6.40 ± 1.60 
Pyr 7.20 ± 2.50 
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Figure 5-2 Individual dose response of As, Cd and Pb for activation of the Nrf2 
antioxidant response pathway in the ARE reporter-HepG2 cells after 24 h 
exposure.  
The experimental data are from three independent experiments in triplicate for each 
chemical. Values are expressed as mean and the dashed line indicates 95% 
confidence interval; IR- induction ratio. As- arsenic; Cd- cadmium; Pb- lead. 
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Figure 5-3 Individual dose response of B[a]P, Nap, Phe, Pyr and t-BHQ for 
activation of the Nrf2 antioxidant response pathway in the ARE reporter-HepG2 
cells after 24 h exposure. 
The experimental data are from three independent experiments in triplicate for each 
chemical. Values are expressed as mean and the dashed line indicates 95% 
confidence interval. IR- induction ratio. B[a]P- benzo[a]pyrene, Nap- naphthalene, 
Phe- phenanthrene, Pyr- pyrene, t-BHQ- tert-butylhydroquinone   
 
 67 
 
5.3.2. Effect of individual PAHs and metals on the Nrf2 antioxidant 
response pathway  
The individual chemicals, including the four PAHs and three metals activated the 
Nrf2 antioxidant pathway. Among these seven chemicals, Cd was the most potent 
inducer with an ECIR1.5 of 0.58 µM. Both B[a]P and As have similar potency with an 
ECIR1.5 value of 0.93 and 1.1 µM, respectively. The ECIR1.5 values of individual 
chemicals and the dose response effect are presented in Table 5-2 and Figures 5-2 
and 5-3, respectively.  
5.3.3. Effect of mixtures of PAHs and metals on the Nrf2 antioxidant 
response pathway  
 The effect of binary to seven-component mixtures of PAHs and metals on the Nrf2 
antioxidant response pathway in the ARE reporter-HepG2 cells are presented in 
Table 5-3. The ECIR1.5 values of experimental and CA model, IPQ values and 95% 
confidence intervals (CI) between the experimental and CA- predicted values are 
presented in Table 5-3 and the dose response of mixtures in the ARE reporter-
HepG2 cells are presented in Figures 5-4 to 5-9, respectively. 
5.3.3.1. Binary mixtures of PAHs and metals 
The results of binary mixtures of metals (As + Cd, As + Pb and Cd + Pb), B[a]P with 
metals (B[a]P + As, B[a]P + Cd and B[a]P + Pb) and B[a]P with PAHs (B[a]P + Nap, 
B[a]P + Phe and B[a]P + Pyr) on the Nrf2 antioxidant response pathway in the ARE 
reporter-HepG2 cells are presented in Table 5-3 and Figures 5-4 to 5-6, respectively. 
Among the metal mixtures, the mixture of As + Cd had a higher activation effect on 
the Nrf2 pathway compared to other metal mixtures with an ECIR1.5 0.70 µM followed 
by As + Pb (ECIR1.5 - 1.63 µM) and Cd + Pb (EC IR1.5 - 2.2 µM). In the case of B[a]P 
and metals mixtures, B[a]P + Cd showed a higher activation effect (ECIR1.5 of 0.45 
µM) compared to those of other mixtures. Among the binary mixtures of B[a]P + 
other PAHs, the mixture of B[a]P + Pyr had a higher activation effect (ECIR1.5 1.56 
µM) compared to those of the other B[a]P + PAHs mixtures. There was no significant 
difference between the experimental and predicted values for all the mixtures, except 
for the As + Pb mixture (p = 0.0289) and the IPQ values were less than one for all 
mixtures. There were overlaps of 95% confidence intervals between the predicted 
and observed value for all the mixtures (Table 5-3).  
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5.3.3.2. Ternary, quaternary and seven-chemical mixtures of PAHs and    
                       metals  
The ternary mixture of B[a]P + Cd + As had a higher activation effect (ECIR1.5 - 0.45 
µM) compared to the other ternary mixtures. The effect of a ternary mixture of As + 
Cd +Pb was very low with an ECIR1.5 of 1.87 µM. All three mixtures of B[a]P + other 
PAHs had a similar effect on the Nrf2 antioxidant pathway and the ECIR1.5 values 
were almost equal for all three mixtures. In general, the ternary mixtures of B[a]P + 
metals had a higher activation effect compared to those of other ternary mixtures (As 
+ Cd + Pb and B[a]P + other PAHs). There was no significant difference between the 
observed and predicted effect for the ternary mixtures, except for B[a]P + As + Cd (p 
= 0.0088) and B[a]P + As + Pb (p = 0.003). The experimental values for these 
mixtures were less than the predicted values and therefore the mixture effect is 
underestimated.  
The quaternary and seven-component mixtures also activated the Nrf2 antioxidant 
response pathway. There was no significant difference between the observed and 
predicted effect for these mixtures, except for B[a]P + As + Cd + Pb (p= 0.0131). The 
IPQ values were less than one for all mixtures (ternary to seven-component 
mixtures), with overlapping of 95% confidence intervals observed between the 
predicted and experimental values for all mixtures (Table 5-3 and Figures 5-7 to 5-9).   
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Table 5-3 Effects of multi-component mixtures of PAHs (benzo[a]pyrene (B[a]P), naphthalene (Nap), phenanthrene (Phe), 
and pyrene (Pyr)) and metals (arsenic (As), cadmium (Cd), lead (Pb)) on the Nrf2 antioxidant response pathway in the ARE 
reporter- HepG2 cells. 
Chemical mixtures ECIR1.5 exp (µM) 95% CI  ECIR1.5 CA (µM) 95% CI  IPQ 
Observed maximum 
 induction ratio 
Binary mixtures       
As + Cd 0.70 ± 0.24 0.09-1.3 0.90 ± 0.21 0.39-1.4 0.29 2.4 
As + Pb* 1.63 ± 0.31 0.87-2.4 2.33 ± 0.21 1.8-2.9 0.43 2.4 
Cd + Pb 2.2 ± 0.44 1.17-3.2 2.0 ± 0.21 1.52-2.6 -0.09 1.7 
B[a]P + As 0.67 ± 0.25 0.05-1.3 1.04 ± 0.31 0.27-1.8 0.78 3.3 
B[a]P + Cd 0.45 ± 0.16 0.04-0.9 0.80 ± 0.34 0.04-1.7 0.81 3.0 
B[a]P + Pb 1.11 ± 0.34 0.26-2.0 2.13 ± 0.25 1.5-2.8 0.92 3.3 
B[a]P + Nap 1.86 ± 0.45 0.70-3.0 1.76 ± 0.45 0.64-2.9 -0.06 2.5 
B[a]P + Phe  2.1 ± 0.74 0.25-3.9 1.73 ± 0.37 0.81-2.7 -0.21 2.4 
B[a]P + Pyr 1.56 ± 0.80 0.17-3.5 1.88 ± 0.54 0.54-3.2  0.21 3.3 
Ternary mixtures       
As + Cd + Pb 1.87 ± 0.55 0.50-3.2 1.70 ± 0.36 0.80-2.6 -0.09 2.3 
B[a]P + As + Cd* 0.45 ± 0.16 0.05-0.9 0.79 ± 0.19 0.29-1.3 0.74 5.0 
B[a]P + As + Pb* 1.22 ± 0.33 0.41-2.0 1.77 ± 0.32 0.97-2.6 0.45 3.4 
B[a]P + Cd + Pb 1.00 ± 0.09 0.77-1.2 1.60 ± 0.27 0.93-2.3 0.60 3.3 
B[a]P + Nap + Phe 1.5 ± 0.16 0.02-3.0 2.1 ± 0.83 0.6-3.5 0.39 4.4 
B[a]P + Nap + Pyr 1.37 ± 0.23 0.13-3.4 1.94 ± 0.14 0.66-3.2 0.42 4.7 
B[a]P + Phe + Pyr 1.34 ± 0.22 0.02-3.3 1.87± 0.05 1.4-2.33 0.40 4.8 
Quaternary mixtures       
B[a]P + As + Cd + Pb* 0.77 ± 0.12 0.46-1.1 1.47 ± 0.25 0.84-2.1 0.91 5.1 
B[a]P + Nap + Phe + Pyr 1.96 ± 0.07 1.31-2.6 2.06 ± 0.29 0.14-4.6 0.05 4.6 
All seven chemicals 2.06 ± 0.40 0.18-3.7 1.87 ± 0.06 1.3-2.4 -0.09 6.0 
Values are mean ± SD for ECIR1.5 exp and ECIR1.5 CA ; n= 9 for experimental data of all mixtures except for ternary and quaternary mixtures of 
B[a]P + other PAHs and seven-chemical combinations, where n=6); EXP - experimental; CA - concentration addition; CI – confidence interval; 
IPQ - index on prediction quality; , IPQ value <0 indicates an overestimation; values >0 indicates an underestimation; ECIR1.5 - concentration 
that results in 1.5 fold of induction in luciferase assay; * - statistical significance (p<0.0001) between predicted and experimental ECIR1.5 values.
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Figure 5-4 Dose response of binary mixtures of As, Cd and Pb for activation of 
the Nrf2 antioxidant response pathway in the ARE reporter-HepG2 cells after 
24 h exposure. 
 
IR- induction ratio; where CA denotes dose response predicted by the concentration addition 
model; EXP denotes experimental data. The experimental data are from three independent 
experiments in triplicate for each exposure concentration. Values are expressed as mean 
and the dashed line indicates 95% confidence interval. 
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Figure 5-5 Dose response of binary mixtures of B[a]P and metals for activation 
of the Nrf2 antioxidant response pathway in the ARE reporter-HepG2 cells after 
24 h exposure. 
 
IR- induction ratio; where CA denotes dose response predicted by the concentration addition 
model; EXP denotes experimental data. The experimental data are from three independent 
experiments in triplicate for each exposure concentration. Values are expressed as mean 
and the dashed line indicates 95% confidence interval. B[a]P- benzo[a]pyrene, As-arsenic, 
Cd- cadmium and Pb-lead. 
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Figure 5-6 Dose response of binary mixtures of B[a]P and Nap, Phe, and Pyr 
for activation of the Nrf2 antioxidant response pathway in the ARE reporter-
HepG2 cells after 24 h exposure. 
 
IR- induction ratio; where CA denotes dose response predicted by the concentration addition 
model; EXP denotes experimental data. The experimental data are from three independent 
experiments in triplicate for each exposure concentration. Values are expressed as mean 
and the dashed line indicates 95% confidence interval. B[a]P-benzo[a]pyrene, Nap-
naphthalene, Phe-phenanthrene and Pyr-pyrene. 
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Figure 5-7 Dose response of ternary mixtures of B[a]P, As, Cd, and Pb for activation of the Nrf2 antioxidant response 
pathway in the ARE reporter-HepG2 cells after 24 h exposure. 
IR- induction ratio; where CA denotes dose response predicted by the concentration addition model; EXP denotes experimental 
data. The experimental data are from three independent experiments in triplicate for each exposure concentration. Values are 
expressed as mean and the dashed line indicates 95% confidence interval. B[a]P- benzo[a]pyrene, As-arsenic, Cd- cadmium and 
Pb-lead. 
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Figure 5-8 Dose response of ternary mixtures of B[a]P, Nap, Phe, and Pyr for 
activation of the Nrf2 antioxidant response pathway in the ARE reporter-HepG2 
cells after 24 h exposure.  
IR- induction ratio; where CA denotes dose response predicted by the concentration addition 
model; EXP denotes experimental data. The experimental data are from two independent 
experiments in triplicate for each exposure concentration. Values are expressed as mean 
and the dashed line indicates 95% confidence interval. B[a]P-benzo[a]pyrene, Nap-
naphthalene, Phe-phenanthrene and Pyr-pyrene. 
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Figure 5-9 Dose response of quaternary and seven chemical mixtures of PAHs 
and metals for activation of the Nrf2 antioxidant response pathway in the ARE 
reporter-HepG2 cells after 24 h exposure. 
IR- induction ratio; where CA denotes dose response predicted by the concentration addition 
model; EXP denotes experimental data. The experimental data are from two or three 
independent experiments in triplicate for B[a]P + Nap + Phe + Pyr, seven chemical mixtures 
and B[a]P + As + Cd + Pb respectively. Values are expressed as mean and the dashed line 
indicates 95% confidence interval. 
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5.4. Discussion 
Oxidative stress has been implicated in the pathophysiology of various systemic 
diseases and also considered as one of the mechanisms of action of chemical 
toxicity. Most importantly, oxidative stress plays a crucial role in carcinogenesis 
(Klaunig et al. 2010, Kakehashi et al. 2013) and environmental agents are one of the 
main exogenous sources for ROS production. The measurement of oxidative stress 
response in the biological system is a sensitive endpoint of chemical exposure. The 
various methods of its measurement include direct measurement of the ROS, 
oxidative damage to biomolecules and detection of antioxidant levels (Collins 2005, 
Palmieri and Sblendorio 2007). Most of these methods are technically laborious and 
lack specificity. The National Research Council recommends the development of 
rapid, economical and high throughput assays to determine the perturbation of 
cellular response using human cell based assays for a better understanding of 
human diseases (NRC 2007). The stress response pathway (Nrf2 antioxidant 
response pathway) has been identified as a toxic pathway indicator and human cell 
based reporter gene assays have been developed to measure the Nrf2 antioxidant 
response pathway as a means of monitoring the oxidative stress response. These 
assays measure the ARE activation using the luciferase reporter gene, which is 
preferred as a screening tool due to its rapidness and stable transfection, which 
helps to define the mode of action (Wang et al. 2006, Simmons et al. 2011). This 
bioassay has been used to screen the pharmaceutical molecules for Nrf2 activation 
(Wu et al. 2012) and profiling of environmental chemicals (Shukla et al. 2012). The 
Nrf2 luciferase assay contains the Nrf2-responsive luciferase construct, which 
measures the changes in the transcriptional activity of Nrf2 and the ARE pathway 
related regulation of genes involved in cytoprotection. Therefore, the changes of 
luciferase expression in the chemical treated cells provide a sensitive measure of 
changes in the Nrf2 activity. In contrast, methods such as real-time PCR provide 
information about gene expression and steady-state level of transcription, which is 
influenced by transcriptional activity and mRNA instability (Simmons et al. 2011). 
Thus, cell based assays are preferred to monitor the Nrf2 pathway activity and hence 
chemically induced changes in oxidative stress response. 
The Nrf2-reporter gene assays have been developed using various immortalized cell 
lines, including HEK293T, MCF7, A172, A549, HepG2 (Simmons et al. 2011), and 
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Huh cell lines (Motahari et al. 2015). The Nrf2 activity profiles vary between the cell 
lines, due to the origin of tissues, cellular subtype and culture conditions. Thus, the 
major limitation of the cell-based assays is the results obtained using a particular cell 
line can be correlated with the response of the corresponding organ in the body (e.g. 
the observed response in HepG2 cell can be correlated with the responses of the 
lover). The results do not necessarily provide a complete picture of biological 
response. Some other factors like changes in temperature, pH, and luciferase buffer 
may affect the luminescence signal in this assay.  
In this study, the effect of up to seven component mixtures on the Nrf2 antioxidant 
response pathway was determined using the ARE reporter-HepG2 cells. The 
individual PAHs and metals activated the Nrf2 antioxidant response pathway. The 
role of Nrf2 antioxidant response pathway in the toxicity of metals and B[a]P have 
been well demonstrated (Ma 2013, García-Niño and Pedraza-Chaverrí 2014). The 
present study shows that non-carcinogenic PAHs like Nap, Phe and Pyr also 
activated the Nrf2 antioxidant response pathway.  
The multi-component mixtures of PAHs and metals displayed various degrees of 
activity on the Nrf2 antioxidant response pathway in the ARE reporter-HepG2 cells. 
Among the binary mixtures, the B[a]P + Cd mixture had a higher induction effect 
compared to those of other combinations and the observed activation effect is higher 
for B[a]P with metals compared to other binary mixtures. A similar trend was 
observed with ternary mixtures, where B[a]P + Cd + As had a higher induction effect 
than those of other ternary mixtures. The combined exposure of As, Cd and/or Pb or 
in combination with other metals increased the oxidative stress response compared 
to their individual response (Fowler et al. 2004, Agrawal et al. 2015, Ashok et al. 
2015). Cadmium in combination with B[a]P increased the activation of the Nrf2 
antioxidant response pathway and total glutathione level compared to B[a]P alone 
(Simon et al. 2014). Arsenic and Pb also showed a synergistic effect on the oxidative 
stress response in combination with B[a]P (Chen et al. 2013, Youbin et al. 2013). 
These studies did not use any prediction models to determine the mixture effects 
and interpretation was based on the statistical difference between vehicle control 
and mixture groups. There are no detailed reports available for these mixtures at 
higher order (ternary mixture and above). For the first time, the oxidative stress 
response data for ternary, quaternary and seven-component mixtures containing four 
PAHs and three metals was reported in this study.  
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CA and IA models are commonly used to predict the mixture toxicity, and these 
models are used for chemicals with similar and dissimilar modes of action, 
respectively. In this study, only the CA model was used to predict the mixtures effect 
on the Nrf2 antioxidant response pathway as individual PAHs and metals followed 
the same mode of action (Nrf2 pathway activation). The CA model is the preferred 
reference model for risk assessment of mixtures consisting of both similar and 
dissimilar acting chemicals (Syberg et al. 2008) and considered as a general solution 
for mixture risk assessment (Kortenkamp et al. 2009). The CA model has been used 
to predict the mixture effect of different classes of chemicals, including 
pharmaceuticals and pesticides, on the oxidative stress response using the AREc32 
cell line (Escher et al. 2013). The mixtures of pharmaceuticals and pesticides 
activated the antioxidant pathway in the AREc assay and the mixture effects were 
well predicted by the CA model.  
 There was no statistically significant difference between the observed and predicted 
ECIR1.5 value for 15 out of 19 mixtures. In the case of mixtures with significant 
difference (B[a]P + Cd + As and B[a]P + As + Pb, and quaternary mixture of B[a]P 
and metals), the experimental values were less than that of predicted one, 
suggesting that the CA model under-predicted the mixture effects. A closer 
examination revealed that the CA model tends to underestimate the interaction effect 
of most of the mixtures at lower concentrations. The predicted response of the binary 
mixtures of B[a]P + metals, As + Cd, Cd + Pb, and B[a]P + other PAHs were 
underestimated at lower order combinations, and the same trend of underestimation 
at lower combinations was observed for ternary, quaternary and seven chemical 
mixtures. For a few mixtures like binary mixtures of B[a]P + metals, ternary mixture 
of B[a]P + Cd+ As, B[a]P + Nap + Pyr, B[a]P + Phe + Pyr, and B[a]P + As + Cd + Pb, 
the effect was also underestimated at greater concentrations. An IPQ compares the 
difference between observed effects and predicted by models (CA and IA) and 
indicates the accuracy of predictions of the models. An IPQ value of < 0 or > 0 
indicates an over or underestimation, respectively, of mixture effects and values of -1 
and +1 indicates over or under prediction by the prediction models. In this study, the 
IPQ values are close to zero for 5 out of 19 mixtures, less than 0.5 for 8 out of 19 
mixtures and less than one for the remaining six mixtures. This indicates a good 
agreement between predicted and observed effects of all the mixtures. Based on 
these observations, it is concluded that the CA model can be used to predict the 
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interaction between PAHs and metals on the Nrf2 antioxidant pathway. In general 
and with the exceptions stated above, concentration addition may be an appropriate 
model for the risk assessment of B[a]P, Nap, Phe, Pyr, As, Cd, and Pb mixtures. 
5.5.  Conclusions 
A human cell line based reporter gene assay system (ARE reporter-HepG2 cells) 
was successfully used to determine the effect of chemical mixtures on the oxidative 
stress response. Individual and multi-component mixtures of PAHs and metals 
activated the Nrf2 antioxidant response pathway in the ARE reporter-HepG2 cells. 
The CA model could be an appropriate model to predict the effect of these selected 
mixtures on the oxidative stress response pathway. The effect of PAHs and metals 
mixtures on the oxidative response pathway can be utilised as an adjunct tool to 
inform health risk assessment. However, its adoption can be strengthened by the 
incorporation of a suite of other biological endpoints (AhR activation, cytotoxicity and 
genotoxicity) which forms part of our ongoing research. 
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6. Effects of binary mixtures of benzo[a]pyrene, arsenic, 
cadmium, and lead on oxidative stress and toxicity in 
HepG2 cells 
Abstract 
The results from our previous studies (Chapter 4 and 5) have demonstrated the 
cytotoxic and oxidative stress response of mixtures of PAHs and metals in HepG2 
cells. In this chapter, the relationship between the changes in oxidative stress 
parameters and the cytotoxicity was evaluated. The binary mixtures of metals (Cd + 
As, Cd + Pb and As + Pb) and B[a]P + metals (B[a]P + As, B[a]P + Cd and B[a]P + 
Pb) were evaluated for their interaction on the cytotoxicity using the MTS assay. A 
full factorial design (4 × 5) was used to determine the mixture toxicity and all the six 
mixtures showed significant interaction on the cytotoxicity. The effects of mixtures on 
reactive oxygen species (ROS) generation and antioxidant defense mechanism (total 
glutathione (GSH) level) were evaluated. The mixtures of metals reduced the total 
GSH level and increased the ROS generation, respectively. In the case of mixtures 
of B[a]P and metals, both total GSH level and ROS generation were increased. 
Overall, the binary mixtures of metals and B[a]P with metals caused a dose 
dependent toxicity to HepG2 cells. The results also showed a significant contribution 
of oxidative stress to the observed toxicity and the potential protective role of the 
total GSH level against this mixture toxicity.  
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Figure 6-1 Graphical representation of toxicity evaluation of binary mixtures of 
B[a]P and metals in HepG2 cells 
6.1. Introduction 
Mixed contamination of organic and inorganic chemicals in soil has increased in 
recent years due to rapid industrialization, mining activities and improper disposal of 
waste. The total number of contaminated sites is estimated around 340,000 in 
Europe (van Liedekerke et al. 2014), 450,000 in USA (Haninger et al. 2012), 22,000 
in Canada (Irvine et al. 2014), 160,000 in Australia (CRC 2015), and 10% of the total 
agriculture land in China (McBeath and McBeath 2010). Polyaromatic hydrocarbons 
(PAHs) and metals are two of the major environmental pollutants in the 
contaminated sites (ATSDR 2015) and their mixed contamination in soil has become 
major environmental and human health concern. PAHs are formed during the 
incomplete combustion of organic matter, wood and coal. A total of 16 PAHs has 
been listed as priority pollutants by US EPA. Among these PAHs, B[a]P is a 
representative of PAHs known for its carcinogenicity, immunotoxicity and 
developmental toxicity (Mumtaz et al. 1996). On the other hand, metals are found 
naturally in the earth’s crust and their concentration is often elevated in disturbed 
environments due to anthropogenic activities, mining, improper use of pesticides and 
fertilizer, and industrial waste disposal. Arsenic (As), cadmium (Cd) and lead (Pb) 
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can cause serious effects on various systems in humans and also known human 
carcinogens (Tokar et al. 2012). 
 Mixed contamination of B[a]P and metals in the environment has gained 
considerable attention due to their adverse health effects to humans. The liver is a 
sensitive organ to metal toxicity and plays a major role in biomethylation and 
detoxification of As (Drobná et al. 2010). Arsenic (Fowler et al. 2015), Cd (Bernard 
2004) and Pb (Skerfving and Bergdahl 2015) accumulates in the liver followed by 
their absorption. All three metals cause molecular, biochemical and morphological 
changes in the liver. Arsenic causes elevation of hepatic serum enzymes, 
hepatomegaly, fibrosclerosis, necrosis and cirrhosis of the liver (Liu and Waalkes 
2008, Goering 2010). Cadmium causes elevation of liver enzymes, impaired function 
of the antioxidant system, and histopathological changes like hepatocyte swelling, 
fatty changes and necrosis (Habeebu et al. 2000, Adikwu et al. 2013). Lead toxicity 
has been known since ancient times and it causes elevation of hepatic serum 
enzymes, depletion of total GSH, elevation of antioxidant enzymes and oxidative 
stress induced lipid peroxidation (Flora et al. 2012). All three metals increased the 
reactive oxygen species (ROS) generation and subsequent oxidative damages can 
cause depletion of antioxidant defense system, increased lipid peroxidation and 
damage to protein, and DNA followed by apoptosis and cell death in the liver 
(Nemmiche et al. 2007, Liu et al. 2010, Jomova et al. 2011). Similarly for B[a]P, liver 
is one of the target organs of its non-carcinogenic toxicity (Knuckles et al. 2001) and 
a site where its biotransformation takes place. During the metabolism of B[a]P, free 
radicals are formed through redox cycling and causes damage to cellular function by 
altering the oxidative state in the cell (Briede et al. 2004, Lin and Yang 2007).  
Concentration addition (CA) and independent action (IA) are the two models 
commonly used for prediction of mixture toxicity (Backhaus and Faust 2012). The CA 
model has been suggested as a general solution for predicting the quantitative effect 
of any combination agents, irrespective of mode of action (Kortenkamp et al. 2009). 
A disadvantage of additivity approach is that it can only detect whether the response 
to whole combination or mixture deviates from additivity and cannot identify the 
chemical that causes interaction. In addition, due to the weakness of the 
mathematical formula and the diverse mechanism of chemicals, none of the models 
provide a generalised solution for mixture toxicity assessment (Sun et al. 2009). 
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Another approach is using statistical designs to determine the possible interactions 
between chemicals. Statistical models like full or fractional factorial design, ray 
design, central or composite designs have been used for determination of mixture 
toxicity (Groten et al. 2004, Jonker et al. 2004). The full factorial designs have been 
successfully used to detect two-factor interactions (Tajima et al. 2002, Ren et al. 
2004, Heussner et al. 2006) and the main disadvantage with the factorial design is 
that the design will be complex with the increase in number of chemicals, and difficult 
to interpret the interaction. Studies with two chemicals also require 2 n-1 experimental 
combinations to identify the interaction between chemicals (n= number of 
concentrations for each chemical).  
In this study, the toxicity of binary mixture of metals (As + Cd, As + Pb and Cd + Pb) 
and B[a]P and metals (B[a]P + As, B[a]P + Cd and B[a]P + Pb) were determined in 
HepG2 cells using a factorial design method. Further, the effects of these mixtures 
on the ROS generation and total GSH level and were evaluated to explore the 
possible mechanism of this mixture toxicity.  
6.2. Materials and methods 
6.2.1. Cell culture 
The HepG2 cells were maintained as described in Section 3.3.1 of Chapter 3. 
6.2.2. Chemical treatment 
Stock solutions of B[a]P and metals were prepared in DMSO and Milli-Q (MQ) water, 
respectively. The working solution of B[a]P and metals were prepared with DMEM. 
For total GSH and ROS assay, the working solution was prepared in DMEM + FBS 
(10% v/v) medium. The final concentration of vehicle (DMSO /or MQ) in the medium 
was 1% v/v.   
6.2.3. Cytotoxicity: Determination of effects of binary mixtures of B[a]P 
and metals on the cytotoxicity- full factorial design approach  
The factorial design is a classical statistical design used to study the interaction 
between chemicals in the mixtures, in which the concentration of each chemical is 
paired up with each concentration of every other chemical. This approach is useful to 
estimate all main effects and possible interactions (Price et al. 2002).  
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The individual dose levels of B[a]P, As, Cd, and Pb was selected based on the 
results of our previous study (Muthusamy et al. 2016a). The reported IC50 values of 
B[a]P, As, Cd, and Pb were 37, 2.7, 159, and 217 µM, respectively. Based on these 
previous results, the concentrations of mixture study were selected. The selected 
concentrations were expected to cover the concentration levels from non-toxic 
concentrations to a toxic level (up to IC50 level of B[a]P and metals) for each 
chemical. The binary mixture toxicity of As + Cd, As + Pb, Cd + Pb, B[a]P + As, 
B[a]P + Cd, and B[a]P + Pb was determined using a full factorial design (4 × 5) and 
the selected concentrations were 0-125 µM for As and Pb; 0-2 µM for Cd; 0-15 µM 
for B[a]P. The treatment was carried out in triplicate for chemicals and controls with 
24h exposure time. The details of chemical treatment and selected concentrations of 
mixture study are provided in Table 6-1. The cytotoxicity was determined as 
mentioned in Section, 3.4 of Chapter 3. 
 
Table 6-1 Study design for toxicity evaluation of binary mixtures of B[a]P and 
metals in HepG2 cells. 
Binary mixture- Cd + As - Cytotoxicity 
As (µM) Cd (µM) 
0.15 0.5 1 2 
25 25 25 25 25 
50 50 50 50 50 
75 75 75 75 75 
100 100 100 100 100 
125 125 125 125 125 
 
Binary mixture- Cd + Pb - Cytotoxicity 
Pb (µM) Cd (µM) 
0.15 0.5 1 2 
15 15 15 15 15 
30 30 30 30 30 
50 50 50 50 50 
80 80 80 80 80 
125 125 125 125 125 
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Binary mixture- As + Pb - Cytotoxicity 
Pb (µM) As (µM) 
15 50 100 125 
15 15 15 15 15 
30 30 30 30 30 
50 50 50 50 50 
80 80 80 80 80 
125 125 125 125 125 
Binary mixture- B[a]P + As - Cytotoxicity 
As (µM) B[a]P (µM) 
0.5 1.5 5 15 
25 25 25 25 25 
50 50 50 50 50 
75 75 75 75 75 
100 80 80 80 80 
125 125 125 125 125 
Binary mixture- B[a]P + Cd - Cytotoxicity 
Cd (µM) B[a]P (µM) 
0.5 1.5 5 15 
0.07 0.07 0.07 0.07 0.07 
0.15 0.15 0.15 0.15 0.15 
0.5 0.5 0.5 0.5 0.5 
1 1 1 1 1 
2 2 2 2 2 
Binary mixture- B[a]P + Pb - Cytotoxicity 
Pb (µM) B[a]P (µM) 
0.5 1.5 5 15 
15 15 15 15 15 
30 30 30 30 30 
50 50 50 50 50 
80 80 80 80 80 
125 125 125 125 125 
6.2.4. Measurement of reactive oxygen species (ROS)  
Among the various ROS, hydrogen peroxide (H2O2) is convenient to measure due to 
its long half-life in cultured cells. The H2O2 was measured as an indicator of ROS 
generation by using a luminescent based ROS-GloTM H2O2 assay kit, purchased 
from Promega Corporation, Madison, USA. The ROS-GloTM H2O2 assay was carried 
out as instructed by the manufacturer. This assay kit contains H2O2 substrate and 
ROS- GloTM detection solution (luciferin detection reagent, D-cystein and signal 
enhancer solution).  
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The cells were plated at a density of 10,000 cells/well into 96 well plates (Corning® 
96 well flat clear bottom, sterile white polystyrene TC-treated microplates, Corning 
Life Sciences, NY, USA) and incubated for 24 h. Preliminary experiments were 
conducted to determine the effect of individual B[a]P and metals on ROS generation 
in HepG2 cells. The selected concentrations were B[a]P - 0, 1.25, 2.5, 5 and 10 µM, 
Cd - 0, 0.25, 0.5, 1 and 2 µM, As and Pb - 0, 0.6.25 12.5 25 and 50 µM. The 
treatment was carried out in triplicate for chemicals and controls with 6 h exposure 
time and chemical treatment period of 6 h was selected based on the results from 
preliminary studies. Studies conducted for 24 h exposure did not show differences in 
ROS generation between the controls and treated groups. Based on this result, the 
treatment period of 6 h was selected for the study. 
The individual chemicals in treatment medium (an aliquot of 80 µL) were added to 
cells followed by 20 µL of H2O2 substrate dilution buffer (containing 125 µM of H2O2 
substrate). The plates were incubated in a CO2 incubator for 6 h and after that, 100 
µL or ROS- GloTM detection solution was added to the plates. Further, the plates 
were incubated at room temperature for another 20 min. The luminescence was 
determined using FLUOStar plate reader and the results were presented as average 
luminescence for control and treated groups.  
6.2.5. Mixture experiments - ROS assay 
Based on the individual dose response study, mixture studies were conducted for Cd 
+ As, Cd + Pb and As + Pb mixtures and combinations of metals with B[a]P (B[a]P + 
As, B[a]P + Cd and B[a]P + Pb). The details of concentrations used for mixtures 
study are presented in Table 6-2.  
Table 6-2 Study design: Effects of binary mixtures of B[a]P and metals on 
reactive oxygen species (ROS) generation in HepG2 cells 
Binary mixture of metals- ROS assay 
Cd - 1 µM As- 50 µM 
As (µM) Pb (µM) Pb (µM) 
5 5 5 
15 15 15 
50 50 50 
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Binary mixture of B[a]P + metals- ROS assay 
B[a]P- 10 µM 
Cd (µM) As (µM) Pb (µM) 
0.1 5 5 
0.3 15 15 
1 50 50 
6.2.6. Total glutathione (GSH) quantification assay 
HepG2 cells were plated at a density of 10,000 cells/well into 96 well plates 
(Corning® 96 well flat clear bottom, sterile white polystyrene TC-treated microplates, 
Corning LifeSciences, NY, USA) and incubated for 24 h. Preliminary experiments 
were conducted with individual metals and B[a]P to determine their effect on the total 
GSH level in HepG2 cells. The selected concentrations were B[a]P - 0, 1.25, 2.5, 5 
and 10 µM, Cd - 0, 0.25, 0.5, 1 and 2 µM, As and Pb - 0, 6.25 12.5, 25 and 50 µM. 
The treatment was carried out in triplicate for chemicals and controls and exposed 
for 24 h.   
The total GSH level was quantified using GSH-GloTM glutathione assay kit, 
purchased from Promega Corporation, Madison, USA. This assay is based on the 
luminescent detection and quantification of GSH was carried out as instructed by the 
manufacturer. In brief, the treatment medium was carefully removed using a multi-
channel pipette after a treatment period of 24 h and 100 µL of GSH-Glo reagent 
(contains luciferin NT- substrate and glutathione S-transferase (1:100 dilution) in 
GSH-Glo reaction buffer) was added to each well. The microplates were placed on a 
plate shaker for mixing and allowed to incubate at room temperature for 30 min. The 
GSH-GloTM assay reaction was stopped by adding an equal volume of luciferin 
detection reagent (reconstituted using the kit buffer with esterase as supplied) and 
mixed using a plate shaker. The plates were incubated at room temperature for 
another 15 min and the luminescence was measured using a microplate reader. 
Serial dilutions of a GSH standard solution were included to generate a standard 
curve and the relative luminescence (RLU) was converted to GSH concentration. 
6.2.7. Mixture experiments- total GSH assay 
Based on the individual dose response study, mixture studies were conducted for As 
+ Cd, As + Pb and Cd + Pb mixtures and metals in combinations with B[a]P (B[a]P + 
As, B[a]P + Cd and B[a]P + Pb). The details of concentrations used for mixtures 
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study are presented in Table 6-3. The treatment was carried out in triplicate for 
chemicals and controls and exposed for 24 h.   
Table 6-3 Study design: Effects of binary mixtures of B[a]P and metals on total 
glutathione (GSH) level in HepG2 cells 
Binary mixture of metals- GSH assay 
As- 50 µM Cd- 1 µM 
Cd (µM) Pb (µM) Pb (µM) 
0.1 1.5 1.5 
0.3 5 5 
1 20 20 
Binary mixture of B[a]P and metals- GSH assay 
B[a]P- 10 µM 
Cd (µM) As (µM) Pb (µM) 
0.1 5 1.5 
0.3 15 5 
1 50 20 
6.2.8. Data analysis 
Cytotoxicity data were analysed using statistical software Dell Statistica (data 
analysis software system) version 12, Dell Inc, Tulsa, USA, (2015) 
(http://www.Software.dell.com). The data were analysed using “factorial analysis of 
variance (ANOVA)”. The data from total GSH and ROS assays were analysed using 
GraphPad Prism version 6.00 for Windows (GraphPad Software, La Jolla California 
USA, http://www.graphpad.com). The data were analysed using “one-way ANOVA 
followed by Dunnett’s multiple comparison tests and the significant difference 
between the control and treated groups was evaluated at p <0.05.  
6.3. Results  
6.3.1. Effects of binary mixtures of B[a]P and metals on the cytotoxicity 
The effects of binary mixture of metals (Cd + As, Cd + Pb and As + Pb) and B[a]P + 
metals (B[a]P + As, B[a]P + Cd and B[a]P + Pb) on the cytotoxicity in HepG2 cells 
are presented in Table 6-4 and Figures 6-2 to 6-7, respectively. Arsenic (As), 
Cadmium (Cd) or lead (Pb) either alone (main effect) or binary combinations, Cd + 
As, Cd + Pb and As + Pb (interaction effect) caused a significant cytotoxicity to 
HepG2 cells (Table 6-4 and Figures 6-2 to 6-4). The mixtures of Cd + As, Cd + Pb 
and As+ Pb showed a significant, dose dependent interaction effect on the 
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cytotoxicity and the observed cytotoxicity was 4 to 76%, 3 to 78% and 1 to 50% from 
low to high concentrations of mixtures, respectively. The binary combination of B[a]P 
with metals also caused a dose dependent, significant interaction effect on 
cytotoxicity (Table 6-4 and Figures 6-5 to 6-7). The observed cytotoxicity was 5 to 
62% for B[a]P + As, 2 to 50% for B[a]P + Cd and 17 to 76% for B[a]P +Pb mixtures, 
respectively. The mixture of B[a]P + Pb was more toxic to HepG2 cells compared to 
those of other mixtures of B[a]P and metals. 
6.3.2. Effects of binary mixtures of B[a]P and metals on ROS generation 
The effects of individual, mixtures of metals and B[a]P with metals on the ROS 
generation in HepG2 cells are presented in Figures 6-8 to 6-9. Individual treatment of 
B[a]P and metals significantly increased the ROS generation compared to vehicle 
control in HepG2 cells. Arsenic and Cd have shown similar potency to induce the 
ROS generation. The mixtures of metal (Cd + As, Cd + Pb and As + Pb) caused a 
significant, dose dependent increase in the ROS generation compared to those of 
vehicle control and individual metals (Cd or As), respectively. At higher 
concentration, mixtures of Cd + As (1 + 50 µM), Cd + Pb (1 + 50 µM) and As + Pb 
(50 + 50 µM) resulted in a significant increase of 30, 26 and 22% in the ROS 
generation compared to Cd and As treatment alone, respectively (Figure 6-8). The 
binary mixtures of B[a]P + As, B[a]P + Cd and B[a]P + Pb increased the ROS 
generation compared to those of vehicle control and B[a]P alone. All the three 
mixtures of B[a]P + As, B[a]P + Cd and B[a]P + Pb showed a dose-dependent 
increase in the ROS generation compared to B[a]P alone. At higher combinations 
B[a]P + As (10 + 50 µM), B[a]P + Cd (10 + 1 µM) and B[a]P + Pb (10 + 50 µM) 
resulted in a significant increase of 38, 20 and 24% in the ROS generation compared 
to B[a]P alone, respectively (Figure. 6-9). 
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Table 6-4 Statistical analysis of effects of binary mixtures of B[a]P, As, Cd, and 
Pb on the cytotoxicity in HepG2 cells 
 
The data were analysed using factorial ANOVA and the test results for between-subject effects (sum 
of squares and mean square) are presented. The source of variance indicates the results of individual 
(main) and binary mixtures (interaction effect) of As, Cd and Pb and B[a]P with As, Cd or Pb on 
cytotoxicity inHepG2 cells. The sum of squares represents the variability in the marginal means 
associated with the different levels of individual (As or Cd or Pb or B[a]P) or binary combinations of 
any of these two individual chemicals. Mean square is obtained by dividing the treatment of sum of 
squares by degrees of freedom and represents the variation between the sample means in each 
treatment. F-statistic is a ratio of the between variability over the within variability. p-value indicates 
statistical significant. All the mixtures showed significant interaction on cytotoxicity (p <0.0001). B[a]P- 
benzo[a]pyrene; As- arsenic; Cd- cadmium and Pb- lead. 
 
Mixtures Source of 
variation 
Sum of 
squares 
Degrees of 
freedom 
Mean 
square 
F value p value 
Cd +As Intercept 68325.52 1 68325.52 6267.889 0.0000 
Cd 27983.61 3 9327.87 856.7 0.0000 
As 6236.00 4 1559.00 143.016 0.0000 
Cd*As 856.44 12 71.37 6.55 0.0000 
Error 436.04 40 10.90   
       
Cd + Pb Intercept 148661.0 1 148661.0 8977.797 0.0000 
Cd 16125.6 3 5375.2 324.615 0.0000 
Pb 7900.4 4 1975.1 119.278 0.0000 
Cd*Pb 1154.5 12 96.2 5.810 0.0000 
Error 662.3 40 16.6   
       
As + Pb Intercept 24325.01 1 24325.01 2326.403 0.0000 
As 4608.63 3 1536.21 146.921 0.0000 
Pb 9113.02 4 2278.25 217.888 0.0000 
As*Pb 1085.43 12 90.45 8.651 0.0000 
Error 418.24 40 10.46   
       
B[a]P + 
As 
Intercept 44313.90 1 44313.90 3859.605 0.0000 
B[a]P 3241.91 3 1080.64 94.120 0.0000 
As 16609.49 4 4152.37 361.659 0.0000 
B[a]P*As 2533.10 12 211.09 18.385 0.0000 
Error 459.26 40 11.48   
       
B[a]P + 
Cd 
Intercept 45083.12 1 45083.12 4451.331 0.0000 
B[a]P 3096.75 3 1032.25 101.920 0.0000 
Cd 11785.88 4 2946.47 290.923 0.0000 
B[a]P*Cd 1282.40 12 106.87 10.552 0.0000 
Error 405.12 40 10.13   
       
B[a]P + 
Pb 
Intercept 105458.2 1 105458.2 7326.112 0.0000 
B[a]P 2522.3 3 840.8 58.408 0.0000 
Pb 12543.1 4 3135.8 217.840 0.0000 
B[a]P*Pb 1384.7 12 115.4 8.016 0.0000 
Error 575.8 40 14.4   
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Figure 6-2 Effect of the binary mixture of cadmium (Cd) and arsenic (As) on the 
cytotoxicity in HepG2 cells. 
Cd + As (4 x 5) mixture was exposed to HepG2 cells for 24 h and the interaction 
toxicity was analysed using the factorial ANOVA. Cytotoxicity (%) is expressed as 
least-squared mean plots and values are mean ± SD, n=3.   
 92 
 
 
Figure 6-3 Effect of the binary mixture of cadmium (Cd) and lead (Pb) on the 
cytotoxicity in HepG2 cells. 
Cd + Pb (4 x 5) mixture was exposed to HepG2 cells for 24 h and the interaction 
toxicity was analysed by factorial ANOVA. Cytotoxicity (%) is expressed as least-
squared mean plots and values are mean ± SD, n=3.   
 93 
 
 
Figure 6-4 Effect of the binary mixture of arsenic (As) and lead (Pb) on the 
cytotoxicity in HepG2 cells. 
As + Pb (4 x 5) mixture was exposed to HepG2 cells for 24 h and the interaction 
toxicity was analysed by factorial ANOVA. Cytotoxicity (%) is expressed as least-
squared mean plots and values are mean ± SD, n=3.     
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Figure 6-5 Effect of the binary mixture of benzo[a]pyrene (B[a]P) and arsenic 
(As) on the cytotoxicity in HepG2 cells. 
B[a]P+ As (4 x 5) mixture was exposed to HepG2 cells for 24 h and the interaction 
toxicity was analysed by factorial ANOVA. Cytotoxicity (%) is expressed as least-
squared mean plots and values are mean ± SD, n=3.     
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Figure 6-6 Effect of the binary mixture of benzo[a]pyrene (B[a]P) and cadmium 
(Cd) on the cytotoxicity in HepG2 cells. 
B[a]P + Cd (4 x 5) mixture was exposed to HepG2 cells for 24 h and the interaction 
toxicity was analysed by factorial ANOVA. Cytotoxicity (%) is expressed as least-
squared mean plots and values are mean ± SD, n=3.     
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Figure 6-7 Effect of the binary mixture of benzo[a]pyrene (B[a]P) and lead (Pb) 
on the cytotoxicity in HepG2 cells. 
B[a]P + Pb (4 x 5) mixture was exposed to HepG2 cells for 24 h and the interaction 
toxicity was analysed by factorial ANOVA. Cytotoxicity (%) is expressed as least-
squared mean plots and values are mean ± SD, n=3.     
6.3.3. Effect of binary mixtures of B[a]P and metals on total GSH level 
The effect of individual, binary mixtures of metals and B[a]P with metals on the total 
GSH level in HepG2 cells are presented in Figures 6-10 to 6-11. All three metals 
significantly increased the total GSH level compared to vehicle control. Arsenic 
treatment resulted in a dose dependent increase of the total GSH level. The 
individual treatment of Cd and Pb decreased the total GSH level at higher 
concentrations (Figure 6-10). In general, the metal mixtures decreased the total GSH 
level compared to the individual As or Cd (Figure 3), with the exception of lower 
combinations of As + Cd (50 + 0.1 µM) and Cd + Pb (1 + 1.5 µM) mixtures, which 
showed a minimal increase in the total GSH level. The remaining combinations of As 
+ Cd, Cd + Pb and all the combinations of As + Pb decreased the total GSH level 
compared to individual As or Cd, respectively. The binary mixtures of As + Pb (50 + 
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20 µM) and Cd + Pb (1+ 20 µM) caused a significant reduction of 51 and 34% in the 
total GSH level compared to individual treatment of As and Cd, respectively. 
Cadmium with As (As + Cd, 50 + 1 µM) caused a significant reduction of 36% in the 
total GSH level compared to As alone (Figure 6-11). Treatment of B[a]P alone 
significantly increased the total GSH level and when B[a]P combined with various 
doses of Cd (0.1-1 µM), As (5-50 µM) and Pb (1.5-20 µM), the total GSH level was 
increased by these mixtures compared to those of vehicle control and B[a]P alone, 
respectively (Figure 6-11). At higher combinations, B[a]P + As (10 + 20 µM), B[a]P + 
Cd (10 + 1 µM) and B[a]P + Pb (10 + 20 µM) caused an increase of 19, 26 and 16% 
in the total GSH level compared to B[a]P alone, respectively.  
6.4. Discussion 
In this study, the effects of binary mixtures of As, Cd and Pb, and B[a]P with metals 
on the cytotoxicity was determined in HepG2 cell line, a representative model for 
liver. Further, the effects of mixtures on the ROS generation and total GSH level was 
determined to define their role in the observed cytotoxicity. The mixture toxicity 
prediction is usually carried out using CA and IA model. These models predict the 
mixture toxicity based on the mode of action of individual chemicals. In the case of 
metal mixtures, neither CA nor IA model is reliable due to the diverse behavior of 
metals at toxicokinetic and toxicodynamic phases (Versieren et al. 2016). The metals 
follow different uptake mechanisms (Calatayud et al. 2012, Cangelosi and Pecoraro 
2014, Moulis et al. 2014) during the cellular uptake and transport. For example, 
glucose transporters, organic anion transporting polypeptides, aquaporins, and 
phosphate transporters are involved in the intestinal absorption of As and cellular 
uptake of Cd can occur by ion mimicry through a variety of transporters of essential 
divalent cation (ferrous ion transporter DMT1 and members of the ZIP family). Lead 
transport is coordinated by glutathione and a variety of zinc and calcium proteins 
including δ-aminolevulinic acid dehydratase (ALAD), zinc finger transcription factors 
and calmodulin, respectively. However, at the toxicodynamic phase, metals induce 
the toxicity by the same mechanism of action (increased oxidative stress and 
depletion of total GSH level) (Ercal et al. 2001, Jomova and Valko 2011). In this 
study, the interaction between B[a]P and metals were determined using the full 
factorial design method. Exposure to As, Cd and Pb cause adverse effects in various 
organs of the body (Tchounwou et al. 2012) and their toxicity to the liver has been 
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well characterized (Goering and Barber 2010, Tokar et al. 2012). In vitro studies 
using HepG2 cells demonstrated the toxicity of As, Cd and Pb to liver cells 
(Tchounwou et al. 2002, Urani et al. 2005, Fotakis and Timbrell 2006, Yedjou et al. 
2010). The findings from our study also consistent with these reports, as all the 
metals were toxic to HepG2 cells. The mixtures of Cd +As and Cd + Pb were more 
toxic to HepG2 cells compared to the As + Pb mixture. The binary mixtures of B[a]P 
with As or Cd or Pb also showed significant interaction cytotoxicity but the observed 
% of maximum cytotoxicity is less for these mixtures (except B[a]P + Pb) compared 
to those of metal mixtures.  
The reported toxicity data for binary mixtures of As, Cd and Pb are inconsistent and 
inconclusive for the same endpoints (ATSDR 2004b). Studies conducted with 
quaternary mixtures of metals (arsenic, cadmium, lead, and chromium or mercury) in 
human cell lines showed a dose dependent effect of synergism to antagonism from 
low to high concentrations, respectively (Bae et al. 2001, Klutse et al. 2009). We 
have earlier reported the interaction between B[a]P, As, Cd, and Pb in HepG2 cells 
and used the combination index- isobologram method to predict the mixture toxicity. 
The predicted interaction varies from synergism, additivity to antagonism from low to 
higher concentrations of mixtures (Muthusamy et al. 2016a). Arsenic was reported to 
have a synergistic effect on the cytotoxicity when treated with B[a]P in a human lung 
carcinoma cell line (Chen et al. 2013). In another study, pre or post-treatment of 
arsenic with B[a]P showed synergistic and attenuation effect on cytotoxicity in lung 
carcinoma cells, respectively (Ho and Lee 2002).   
Various factors like molecular, biochemical and pathophysiological factors are 
associated with metal toxicity. The available literature suggest the involvement of two 
independent, but related mechanisms, namely oxidative stress and interference with 
the antioxidant defense system in metal toxicity (Ercal et al. 2001, Valko et al. 2005). 
Oxidative stress is the unifying factor for toxic effects of these metals. Arsenic and 
Cd can induce oxidative stress by direct and indirect mechanisms, and free radicals 
like super oxide, H2O2, hydroxyl radical along with reactive nitrogen species (RNS) 
are formed by these metals (Jomova et al. 2011). Mitochondria are considered as 
the main source of ROS generation for both As (Flora 2011) and Cd (Gobe and 
Crane 2010). Arsenic and Cd disrupt the mitochondrial membrane and interfere with 
respiratory chain complex to generate the ROS. In addition, cadmium, a non-redox 
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active metal increases the ROS generation by replacing Fe from the cytoplasm and 
membrane protein, thereby increasing the free Fe ions which participate in the 
Fenton reaction to generate ROS (Valko et al. 2005). Cadmium also increases the 
free radical formation by intracellular calcium mediated pathway (Patra et al. 2011). 
Lead induces ROS generation by its effect on cell membranes, interference of 
antioxidant defense and aminolevulinic acid induced ROS generation (Flora et al. 
2012). During the metabolism of B[a]P, free radicals are formed as a by-product. In 
addition, the reactive metabolites of B[a]P undergoes a redox cycle and generates 
reactive oxygen species (Burdick et al. 2003).  
The mixture of As and Cd, and B[a]P with As (Cd + As and B[a]P + As) generated 
more ROS compared to other mixtures. The effect of As could be attributed to its 
direct (binding to SH group of GSH (Ercal et al. 2001)) and indirect (utilisation for 
biomethylation (Jomova et al. 2011)) effect on the total GSH level, and its ability to 
generate free radicals by altering the mitochondrial function. The effects of metal 
mixtures on oxidative stress are supported by Wang and Fowler (2008) and Patra et 
al. (2011). Combination of As and Cd with B[a]P also reported to increase oxidative 
stress (Chen et al. 2013, Simon et al. 2014).   
The second mechanism associated with metal toxicity is its interference with the 
antioxidant defense mechanism. Glutathione (GSH), a tripeptide, one of the most 
important components of antioxidant system involved in the ROS detoxification and 
repair of ROS induced damage. The total GSH level is critical to maintain the cellular 
redox status and depletion of GSH is a marker of oxidative stress. The metals 
decreased the total GHS level by its direct binding to thiol group in GSH and 
glutathione peroxidise, and glutathione S transferase enzymes. This alters the 
cellular redox status and subsequently more free radicals are generated (Sharma et 
al. 2014). Apart from this, GSH also plays a major role in biomethylation of arsenic 
and its detoxification (Jomova et al. 2011).  
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Figure 6-8 Effects of binary mixtures of As, Cd and Pb on generation of 
reactive oxygen species (ROS) in HepG2 cells. 
Cd + As, Cd + Pb and As + Pb mixtures were exposed to HepG2 cells for 6 h. The level of 
H2O2 was measured as an indicator of ROS using ROS-Glo™ H2O2 Assay. *- indicates 
significant difference compared to vehicle control for Cd or As or Pb alone treated groups; In 
the case of Cd + As, Cd + Pb and As + Pb, *-indicates significance difference to Cd or As 
alone treated groups (p<0.0001), respectively. As- arsenic, Cd- cadmium and Pb- lead. 
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Figure 6-9 Effects of binary mixtures of B[a]P and metals on generation of 
reactive oxygen species (ROS) in HepG2 cells. 
B[a]P + Cd and B[a]P + Pb mixtures were exposed to HepG2 cells for 6 h. The level of H2O2 
was measured as an indicator of ROS using ROS-Glo™ H2O2 Assay. *- indicates significant 
difference compared to vehicle control for B[a]P or As or Cd or Pb alone treated groups; In 
the case of B[a]P + As, B[a]P + Cd and B[a]P + Pb - *- indicates significant difference 
significant to B[a]P alone treated group (p<0.0001). B[a]P- benzo[a]pyrene, As- arsenic, Cd- 
cadmium and Pb- lead. 
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Figure 6-10 Effects of binary mixtures of As, Cd and Pb on total glutathione 
(GSH) level in HepG2 cells. 
As + Cd, As + Pb and Cd + Pb mixtures were exposed to HepG2 cells for 24 h and total 
GSH level was measured using GSH-Glo™ Glutathione Assay. *-indicates significant 
difference compared to vehicle control for As or Cd or Pb alone treated groups; In the case 
of As + Cd, As + Pb and Cd + Pb mixtures- *- indicates significant difference compared to As 
or Cd alone treated groups (p<0.0001). As- arsenic, Cd- cadmium and Pb- lead. 
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Figure 6-11 Effects of binary mixtures of B[a]P and metals on total glutathione 
(GSH) level in HepG2 cells. 
B[a]P + As, B[a]P + Pb and B[a]P + Pb mixtures were exposed to HepG2 cells for 24 h and 
total GSH level was measured using GSH-Glo™ Glutathione Assay. *-indicates significant 
difference compared to vehicle control for B[a]P or As or Cd or Pb alone treated groups; In 
the case of B[a]P + As, B[a]P + Pb and B[a]P + Pb mixtures- *- indicates significant 
difference compared to B[a]P alone treated groups (p<0.0001). B[a]P- benzo[a]pyrene, As- 
arsenic, Cd- cadmium and Pb- lead. 
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Individual or acute exposure of metals and B[a]P increased the total GSH level. 
Various reports supported the effect of metals and B[a]P on the total GSH level. 
Arsenic (Schuliga et al. 2002), Cd (Li et al. 1993), Pb (Stohs and Bagchi 1995), and 
B[a]P (Wei et al. 2012) increased the total GSH level followed by acute exposure. At 
the cellular level, the total GSH level is maintained by feedback inhibition of 
glutamate cysteine synthetase (GCL) activity, cellular cysteine uptake and utilization 
of cysteine for GSH synthesis. The binding affinity of metals causes an alteration in 
the total GSH level and its synthesis. The possible reason for this initial increase of 
GSH followed by metal exposure is due to utilisation of GSH against metals 
mediated free radicals and this, in turn, stimulates the mechanism of GSH synthesis 
or the cells sense a higher oxidant state and respond by generation more GSH. 
The binary mixtures of metals and B[a]P with metals showed a differential response 
on the total GSH level. The binary mixtures of As, Cd and Pb decreased the total 
GSH level compared to the individual metals. In contrast, the combination of B[a]P 
with As or Cd or Pb increased the GSH level compared to individual B[a]P or metals, 
respectively. There were no reports available for effects of metal mixtures on the 
total GSH level. The findings of total GSH level elevation followed by mixture 
treatment of B[a]P and metals are supported by Chen et al. (2013) and Simon et al. 
(2014). The exact reason for this different response (increase of GSH level by metal 
mixtures and decrease by B[a]P and metal mixtures) of these mixtures are not 
known. In general, an increase in the total GSH level is common in biological system 
followed by an oxidative challenge. The observed effect of these mixtures on the 
GSH level followed by acute exposure could be transient. Studies with longer 
exposure will be useful to understand the effect of these mixtures on the total GSH 
level.   
In this study, we have determined the interaction toxicity of B[a]P and metals using a 
factorial design method. The observed effect of mixtures on the cytotoxicity can be 
correlated with their effect on the ROS generation and total GSH level. Among the 
metal mixtures, the binary mixture of As and Cd were more toxic to HepG2 cells 
compared to other mixtures. The metal mixtures increased the ROS generation and 
decreased the total GSH level (except a minimal increase of GSH at a low 
combination of As + Cd and Cd + Pb), respectively. In general, the observed % of 
maximum cytotoxicity of B[a]P and metal mixtures (except B[a]P + Pb) were low 
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compared to metal mixtures. The binary mixtures of B[a]P and metals increased the 
ROS generation and total GSH level.   
6.5. Conclusions 
The effects of binary mixtures of As, Cd and Pb and B[a]P with As, Cd or Pb was 
determined on the ROS production, total GSH level and cytotoxicity in HepG2 cells, 
a representative model of liver. All the six mixtures increased the ROS generation 
and showed a significant interaction effect on the cytotoxicity. The binary mixtures of 
As, Cd and Pb, and B[a]P with these elements caused a significant increase in the 
cytotoxicity to HepG2 cells compared to those of individual metals and B[a]P. The full 
factorial design based statistical evaluation of mixture toxicity showed that the 
mixtures caused a dose dependent increase (synergistic effect) in the cytotoxicity. 
The total GSH level is increased by B[a]P and metals mixtures but decreased by 
metal mixtures. Overall, the approach of assessing the mixture toxicity on multiple 
interrelated toxic endpoints in a single test system could provide valuable information 
to understand the mixture toxicity compared to the evaluation of mixture effects on a 
single toxic endpoint. 
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7. Genotoxicity evaluation of multi-component mixtures 
of polyaromatic hydrocarbons (PAHs), arsenic, cadmium, 
and lead using flow cytometry based micronucleus test in 
HepG2 cells  
Abstract 
Some polyaromatic hydrocarbons (PAHs) and metals are known human 
carcinogens. In this study, the combined genotoxicity of four PAHs (benzo[a]pyrene 
(Ba]P), naphthalene (Nap), phenanthrene (Phe), and pyrene (Pyr)) and metals 
(arsenic (As), cadmium (Cd), and lead (Pb)) were evaluated using a flow cytometry 
based micronucleus (MN) test in HepG2 cells. The effects of binary, ternary, 
quaternary, and seven-chemical mixtures of PAHs and metals were evaluated. The 
binary and ternary mixtures of B[a]P with As, Cd, and Pb increased the MN formation 
compared to metals or B[a]P alone. But, the mixtures of B[a]P with PAHs (Nap, Phe 
and Pyr) decreased the MN formation compared to B[a]P alone. The quaternary and 
seven-component mixtures of PAHs and metals generally did not show significant 
differences in MN formation compared to B[a]P alone. In addition, metals and non-
carcinogenic PAHs increased or decreased the activation of aryl hydrocarbon 
receptor (AhR) of B[a]P in HepG2 cell based CAFLUX assay, respectively. The 
effects of mixtures on cell cycle parameters were also evaluated. Overall, the 
combined genotoxicity of PAHs and metals in HepG2 cells vary depending on the 
concentrations, number and class of chemicals that are present in the mixtures. In 
this study, we have demonstrated the use of flow cytometry based MN test to screen 
the genotoxicity of environment chemicals and its mixtures. 
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Figure 7-1 Graphical representation of genotoxicity evaluation of multi-
component mixtures of PAHs and metals 
7.1. Introduction 
Humans are exposed to a contaminated environment which may contain known 
human or animal carcinogens. Exposure to toxic environmental chemicals 
contributes to 7-19 % of cancers in humans (Goodson et al. 2015). Among the total 
number of Group 1 agents (known human carcinogens as per IARC classification), 
most of them belong to different classes of chemicals (Baan et al. 2009). 
Polyaromatic hydrocarbons (PAHs) and metals are the major contaminants in the 
environment and have been associated with adverse health effects in humans. In 
1775, Sir Percival Pott first observed an association between an increased incidence 
of scrotal cancer in chimney sweeps and exposure to soot (Pott 1755). Since then 
many epidemiological studies in PAH-exposed workers have reported the increased 
incidence of cancers in humans (IARC 2010, Kim et al. 2013). There are no 
epidemiological data available for incidences of cancer followed by B[a]P exposure 
alone. But, B[a]P produced tumors in various organs of all tested laboratory animals 
by different routes of exposure (IARC 2012c). Occupational exposure to B[a]P 
containing PAHs mixtures have been associated with cancers of various organs 
(lung, bladder, skin and hematolymphatic system). Arsenic, Cd and Pb have been 
used by humans for long periods and exposure to them causes adverse health 
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effects. Arsenic and Cd are known human carcinogens. Arsenic exposure has been 
linked with lung, kidney, urinary bladder and liver cancers in humans (IARC 2012a). 
Occupational and environmental exposure to Cd causes lung, kidney, and prostate 
cancers (IARC 2012b).  
Mixed contamination of PAHs and metals is elevated in the environment due to 
increased industrial and anthropogenic activities during the last century (Megharaj 
and Naidu 2008). Benzo[a]pyrene, As, Cd, and Pb are top priority pollutants in 
ATSDR substance priority list and also the major contaminants in various 
contaminated sites around the world (Panagos et al. 2013). Various epidemiological 
studies reported the increased incidences of lung cancer or genotoxic effects in 
humans followed by combined exposure to PAHs and metals (Hays et al. 2006, 
Mielżyńska et al. 2006, Wang et al. 2013). The data on the co-genotoxicity of metals 
and B[a]P have so far been limited to binary mixtures of B[a]P with As (Maier et al. 
2002, Tran et al. 2002, Schwerdtle et al. 2003, Evans et al. 2004, Fischer et al. 2005, 
Chiang and Tsou 2009, Chen et al. 2013) or Cd (Mukherjee et al. 2004, Lewińska et 
al. 2007, Simon et al. 2014). 
There are several hundred PAHs are formed from incomplete combustion, of which 
17 PAHs are prioritized due to their common occurrence in the contaminated sites 
and potential for human exposure (ATSDR 1995). Simple hydrocarbons like Nap, 
Phe and Pyr are common non-carcinogenic PAHs found along with the human 
carcinogen B[a]P in most contaminated sites. Pyrene is one of the abundant 
hydrocarbons in PAHs mixtures and used as a biomarker of PAHs exposure (Silins 
and Högberg 2011). Naphthalene and Phe are classified as Group 2B and 2 
carcinogens, respectively. Pyrene is classified as Group 3 carcinogen (IARC 2010). 
Studies conducted with complex mixtures of PAHs or as a binary combination with 
B[a]P showed a different kind of interactions (Staal et al. 2008, Tarantini et al. 2009, 
Jarvis et al. 2013). The results vary depending on the PAHs that are present in the 
mixtures and the reported findings include synergism, additivity or antagonism.   
Micronucleus test has been routinely used to screen the genotoxicity of 
pharmaceutical and environmental chemicals. The In vitro micronucleus test using 
mammalian cell lines has been recommended by REACH and International 
Conference on Harmonisation (ICH) to screen the genotoxicity of chemicals and 
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pharmaceutical agents. This assay determines the cytogenetic damage 
(clastogenicity and aneuploidy) by measuring the formation of micronuclei (MN) in 
cultured mammalian cells. High throughput genotoxic assays have been developed 
to screen a large number of environmental chemicals and mixtures. Among the 
available assays, human cell line based assay using flow cytometry for MN 
determination is successfully used and validated with microscopy and other scoring 
platforms (Bryce et al. 2008, Bryce et al. 2013). The advantages of this assay are 
higher throughput than traditional genotoxicity assays and reliable MN measurement. 
In this study, HepG2 cell was used as a test system, due to its inherent capacity of 
enzymes for metabolism, and also this cell expresses the p53 protein, which is 
useful to screen p53 mediated DNA damage (Boehme et al. 2010, Zager et al. 
2010). 
In our previous study, we have reported the genotoxicity of mixtures of As, Cd, Cr, 
and PAHs in HepG2 cells (Peng et al. 2015). But this study evaluated only the binary 
mixtures of metals (As, Cd or Cr) with B[a]P and a quaternary combination of B[a]P 
with Nap, Phe, and Pyr. This study did not evaluate the genotoxicity of all possible 
mixture combinations of metals and PAHs. In addition, the MN was counted 
manually, which was low in throughput and used the cytokinesis block-methodology 
for MN measurement. In this study a flow cytometry based MN test was used to 
determine the combined effects of metals and PAHs (Nap, Phe and Pyr) on the 
genotoxicity of B[a]P in HepG2 cells. The genotoxic effects were determined for the 
binary, ternary, quaternary, and seven-component mixtures of PAHs and metals. In 
addition, the individual and combined effects of Cd and Pb on MN formation of As 
were also determined. 
PAHs are known as aryl hydrocarbon receptors (AhR) ligands and activators of AhR 
signaling. PAHs are indirect carcinogens and require metabolic activation by 
CYP1A1 and CYP 1B1 enzymes to elicit their toxic effects (Shimada and Fujii-
Kuriyama 2004). The AhR pathway plays a major role in the induction and 
expression of CYP enzyme and toxicity of PAHs (Nebert et al. 2004, Baird et al. 
2005). In this study, HepG2 cell based chemically activated fluorescent (CAFLUX) 
assay is used to determine the effects of metals and PAHs (Nap, Phe and Pyr) on 
the AhR activity of B[a]P.  
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7.2. Materials and methods 
7.2.1. Cell culture 
The maintenance of HepG2 cells was carried out as mentioned in Section 3.3.1 of 
Chapter 3. The cells (1×104 cells/well) were seeded into 96 well plates and allowed 
to attach for 24 h before chemical treatment. During the experiment period, cells 
were maintained in an incubator at 37 °C under 5% CO2. 
Stock solutions of PAHs (B[a]P, Nap, Phe, and Pyr) were prepared in DMSO and 
solutions of metals were prepared in MilliQ water (18 MΩ.cm, (Merck Millipore, VIC, 
Australia), respectively. The working solutions prepared in DMEM + FBS (10%) 
medium or DMEM alone were used for MN test and Ahr CAFLUX assay, 
respectively. The working solutions were added to the plates reaching a final 
concentration of 0.5% v/v of vehicle control (DMSO or MilliQ water).  
7.2.2. In vitro flow cytometry micronucleus test 
The selected concentrations of individual MN study were 0 to 2 μM for B[a]P and Cd; 
0 to 10 μM for As and 0 to 100 μM for Pb. Initially, the cytotoxicity of PAHs and 
metals were determined using the MTS assay. The cytotoxicity was determined as 
mentioned in Section, 3.4 of Chapter 3. Based on their cytotoxicity to HepG2 cells, 
the concentrations of metals and PAHs were selected for the MN study. The 
treatment was carried out for 1.5 – 2 normal doubling period of HepG2 cells (OECD 
2014). The details of selected concentrations of the individual MN study are provided 
in Table 7-1 
Cell staining and lysis were carried out as instructed by the manufacturer, Litron 
Laboratories Ltd, Rochester, NY, USA. In brief, the plates were removed from CO2 
incubator after a treatment period of 48-50 h and placed on ice for 20 min. Then, the 
supernatant was carefully removed and nucleic acid dye A working solution (EMA + 
1 x buffer solution) was added to each well. After that, the plates were exposed to 
light for photoactivation and the cells were washed with 1 x buffer solution. The cells 
were treated with complete lysis I solution (containing lysis solution + Sytox Green + 
RNase) and incubated at 37ºC for 1 h. Then, the lysis II solution (lysis II + Sytox 
green + counting beads) was added and the plates were incubated at room 
temperature for another 30 min and proceeded to flow cytometry analysis.  
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7.2.3. Flow Cytometry analysis 
Flow cytometry analysis of MN was carried out using a BD LSR II analyser (Becton, 
Dickinson, and Company, BD Biosciences, San Jose, USA). The experimental 
template provided by Litron Laboratories was used for analysis. The cell samples 
were re-suspended and protected from light during the analysis. Initially, negative 
control samples were used to adjust the voltage to capture the nuclei and on an 
average 7,500- 10,000 events/well were recorded in all experiments. The data 
analysis was carried out using BD FACSDivaTM Software (BD FACSDivaTM Software 
Reference Manual, Version 8.0.1, BD Biosciences, San Jose, USA). The MN values 
were expressed as frequency percent by dividing the number of events that fall 
within the “MN” region by the number of events that fall within the “Nucleated” region 
and multiplying by 100.  
The criterion for the positive response is that at one or more concentrations of the 
chemicals or mixtures which result in greater than 2-fold increase in mean % MN 
compared to concurrent vehicle control values (Shi et al. 2010).  
7.2.4. Mixture experiments- Determination of effects of multi-component 
mixtures of PAHs and metals on MN formation 
The individual concentration response of the MN test showed that B[a]P and As were 
clearly positive for MN formation. The mixture experiments were designed to study 
the effects of individual or mixtures of As, Cd, and Pb/or PAHs on the genotoxicity of 
B[a]P. The mixture studies were conducted for binary, ternary, quaternary, and 
seven-component mixtures of PAHs and metals. In addition, the effects of Cd and Pb 
on the MN formation of As were also determined. The details of selected 
concentrations of the mixture study are provided in Table 7-1. The cytotoxicity of the 
selected concentrations of the PAHs and metal mixtures were determined using the 
MTS assay. 
7.2.5. Cell cycle analysis 
The cell cycle parameters, G1, S and G2/M were analysed d using ModFit LT 
(Version 3.2) Software (ModFit LT user guide), Verity Software House, ME, USA. 
The linear scale recording of nucleus fluorescence intensity from flow cytometry 
analysis was used for cell cycle analysis.  
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7.2.6. Determination of activation of AhR using HepG2 cell based 
CAFLUX assay 
HepG2 cells transfected with the reporter plasmid, pGreen1.1 (dioxin responsive 
enhanced green fluorescent protein, EGFP) was used to determine the effects of 
individual or mixtures of B[a]P with metals or PAHs on the AhR. In our previous 
study, we have reported the procedure for transfection of HepG2 cells with the 
reporter plasmid, pGreen1.1 (Peng et al. 2015). 
Cells were maintained in a medium containing DMEM + 10% (v/v) FBS + G418 
sulphate + penicillin-streptomycin (50 Units/ml). On the day of experiments, cells 
(30,000 cells/well) were seeded into 96 well plates (Corning® 96 well flat clear 
bottom, sterile black polystyrene TC- treated microplates, Corning Life Sciences, NY, 
USA) and allowed to attach for 24 h in an incubator at 37 °C under 5% CO2. 
Individual dose response study of AhR activation was carried out for B[a]P, Nap, 
Phe, and Pyr. After the chemical treatment, the cells were incubated at 33ºC under 
5% CO2 for maximal activation and measurement of fluorescent intensity. Cells that 
are grown at 33 ºC results in several-fold increase in EGFP activity compared to that 
of at 37 ºC (Zhao et al. 2010b). After a treatment period of 72 h, the fluorescence 
intensity as a measurement of EGFP expression was recorded using a plate reader. 
The fluorescence activity of control and treated groups was presented after 
deduction of background fluorescence intensity. Based on the individual dose 
response study, the effects of Cd (0 to1 µM), As (0 to10 µM) and Pb (0 to 50 µM), 
and PAHs (Nap, Phe and Pyr, 0 to 15 µM) on AhR activity of B[a]P (2 µM) was 
determined. 
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Table 7-1 Concentrations of individual and mixtures of PAHs, As, Cd, and Pb of genotoxicity evaluation using flow 
cytometry based micronucleus (MN) test in HepG2 cells 
Mixture type B[a]P (µM) As (µM) Cd (µM) Pb (µM) Nap, Phe and Pyr (µM) 
Individual dose 
response study 
0.5, 1 and 2 2.5, 5 and 10  0.5, 1 and 2 12.5, 25 and 100 5 and 15 
Binary mixtures 
2 
5,10 0.3, 1 25, 50 5, 15 
Ternary mixtures 2.5,5 0.15, 0.5 12.5, 25 2.5, 7.5 
Quaternary mixtures 5 0.25 12.5 Nap-7.5, Phe and Pyr -2.5 
Seven chemical 
mixtures of PAHs and 
metals 
1.25 0.06 3.12 Nap -1.87, Phe and Pyr -0.93 
Binary mixtures of 
metals  
-- 10 0.3, 1 25, 50 -- 
Ternary mixtures of 
metals 
-- 10 0.15 25 -- 
B[a]P- benzo[a]pyrene, As- arsenic, Pb- lead, Cd- cadmium, Nap- naphthalene, Phe- phenanthrene, Pyr- pyrene. The concentrations of mixture 
study were selected based on the results of individual dose response of metals and PAHs on MN formation. The selection of concentrations 
also depends on the toxicity of mixtures of B[a]P and metals /or PAHs. The individual dose response study showed that B[a]P and As were 
clearly positive for MN formation. The concentration of B[a]P is fixed for mixture studies from binary to seven-component combinations. In the 
case of As, the highest concentration of 10 µm (positive response for MN formation was observed) and one fold less concentration of 5 µm is 
selected to determine the genotoxic effect of binary mixtures of B[a]P + As. For Cd and Pb, the mixture combinations were selected in such a 
way that the cytotoxicity of mixtures does not exceed more than 40%. For ternary and quaternary mixtures, the concentration of As, Cd and Pb 
reduced to one fold less than those of binary mixtures and ensured that these mixtures does not cause more than 40% reduction in cell 
viability. For example, the concentration of As is reduced to 2.5 and 5 µm for low and high combinations. The same procedure is followed for all 
ternary and quaternary combinations of B[a]P with metals or PAHs 
. 
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7.2.7.  Statistical analysis 
The data of MN test and cell cycle parameters and the AhR activation were analysed 
by “one-way ANOVA followed by Dunnett’s multiple comparison tests using 
GraphPad Prism version 6.00 for Windows”, GraphPad Software, La Jolla California, 
USA, (www.graphpad.com). The significant difference between the control and 
treated groups was evaluated at p <0.05. 
7.3. Results 
7.3.1. Effects of individual and mixtures of PAHs and metals on the 
cytotoxicity 
The cytotoxicity of binary, ternary, quaternary and seven-component mixtures of 
PAHs, As, Cd, and Pb are presented in Figure 7-2. At the selected concentrations, 
the individual PAHs and metals were not toxic to HepG2 cells. The binary to multi-
component mixtures of PAHs, As, Cd, and Pb were found to be toxic to HepG2 cells 
(up to 40% reduction in cell viability). In the case of B[a]P and metals mixtures, the 
binary mixture of B[a]P + As and the ternary mixture of B[a]P + Cd + Pb caused 38 
and 35% of reduction in cell viability, respectively. Among the B[a]P + PAHs 
mixtures, a maximum reduction of 39% in cell viability was observed with B[a]P + 
Phe and B[a]P + Nap + Phe mixtures. The quaternary mixtures of B[a]P with metals 
(26%) or PAHs (25%) and multi-component mixtures of PAHs and metals (34%) also 
reduced the cell viability of HepG2 cells. 
7.3.2. Micronucleus test 
Benzo[a]pyrene was clear positive for MN formation in HepG2 cells and other PAHs 
did not elicit positive responses. Among the metals, As elicited a clear positive 
response and Cd and Pb showed a weak positive response for MN formation. The 
results of MN formation in HepG2 cells are presented in Figure 7-3. 
7.3.2.1. Effects of individual and mixtures of metals on the genotoxicity of 
B[a]P  
The mixtures of B[a]P and metals (binary to quaternary mixtures) increased the MN 
formation compared to vehicle control or B[a]P alone treated groups (Table 7-2 and 
Figures 7-4 to 7-5). The binary mixtures studies were conducted for mixtures of 
B[a]P (2 µM) with As (5 and 10 µM) or Cd (0.3 and 1 µM) or Pb (25 and 50 µM). The 
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mixtures, B[a]P + As, B[a]P + Cd and B[a]P + Pb significantly increased the MN 
formation compared to B[a]P alone. At the selected low and high concentrations of 
mixtures, the binary combinations of B[a]P and metals approximately increased two 
and four-fold increase in the MN formation compared to B[a]P alone, respectively 
(Table 7-2 and Figure 7-4).  
The ternary mixtures studies were conducted using B[a]P (2 µM) with As + Cd (2.5 + 
0.15 and 5 + 0.5 µM) or As + Pb (2.5 + 12.5 and 5 + 25 µM) or Cd + Pb (0.15 + 12.5 
and 0.5 + 25 µM). The mixtures of B[a]P + As + Cd, B[a]P + As + Pb and B[a]P + Cd 
+ Pb increased the MN formation compared to B[a]P alone (Table 7-2 and Figure 7-
5). Among the ternary mixtures, the mixture of B[a]P + As + Cd (2 + 5 + 0.50 µM) 
showed a maximum increase of 4.7 fold in the MN formation compared to B[a]P 
alone (Table 7-2 and Figure 7-5). The quaternary mixture of B[a]P + As + Cd + Pb, 
did not show a significant increase in the MN formation (2 fold vs B[a]P alone) 
compared to B[a]P alone.   
7.3.2.2. Effects of individual and mixtures of Nap, Phe and Pyr on the 
genotoxicity of B[a]P  
The binary combination of B[a]P with Nap or Phe or Pyr and ternary mixtures (B[a]P 
+ Nap + Phe, B[a]P + Nap + Pyr and B[a]P + Phe + Pyr) decreased the MN 
formation compared to B[a]P alone (up to 60% reduction in MN formation Vs B[a]P 
alone) (Table 7-3 and Figures 7-6 to 7-7). The quaternary mixture (B[a]P + Nap + 
Phe + Pyr) and seven-component mixtures containing both PAHs and metals did not 
show significant differences in the MN formation compared to B[a]P alone (Table 7-
3).  
7.3.2.3. Effects of Cd and Pb on the genotoxicity of As  
The binary and ternary mixtures of Cd and Pb with As increased the MN formation 
compared to As alone (Table 7-2 and Figure 7-8). Among the binary mixtures, As + 
Pb mixture showed a maximum of 2 fold increase in the MN formation compared to 
As alone. In the case of a ternary mixture of As + Cd + Pb, the observed increase of 
MN formation was less than those of binary mixtures.  
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7.3.3. Effects of individual and mixtures of PAHs and metals on cell cycle 
parameters 
The effects of mixtures of PAHs and metals on cell cycle distribution and percentage 
of cells in different phases G1, S and G2/M in HepG2 cells are presented in Tables 
7-4 to 7-5. B The individual treatment of B[a]P alone reduced the cell population in 
G1 phase and increased the cell accumulation in G2/M phase compared to vehicle 
control, respectively.  
The binary combination of B[a]P with metals decreased the cell population in G1 
phase (maximum of 39%) and mixtures of B[a]P with As or Cd (at higher 
concentration combination) increased the cell accumulation in G2/M phase 
(maximum of 60%) compared to B[a]P, respectively (Table 7-4). In the case of 
ternary mixtures, B[a]P + As + Cd decreased the cell population in G1 phase and 
increased the cell accumulation in G2/M phase, respectively. The other ternary 
mixtures of B[a]P and metals (B[a]P + As + Pb and B[a]P + Cd + Pb) decreased the 
cell numbers in G1 phase and increased the cell population in S phase, respectively. 
The treatment-related changes of increase and decrease of the cell population in G1 
and G2/M phases were observed with a quaternary mixture of B[a]P + As + Cd + Pb, 
respectively (Table 7-4). The mixtures of B[a]P with Nap, Phe and Pyr did not cause 
any changes in the cell cycle parameters (G1, S and G2/M phases) compared to 
B[a]P alone (Table 7-5). Similarly, quaternary and seven-component mixtures did not 
result in any changes in cell cycle parameters compared to B[a]P alone. The metal 
mixtures, As with Cd or Pb (binary combination of As + Pb (10 +50 µM), As + Cd (10 
+1 µM) and As +Cd + Pb (10 +25 + 0.5 µM) decreased the cell population in G1 
phase and increased the cell accumulation at G2/M phase, respectively (Table 7-5). 
7.3.4. AhR- HepG2 CAFLUX assay 
The individual PAHs activated the AhR in HepG2 cell based CAFLUX assay. Among 
the PAHs, B[a]P was a potent inducer of the AhR. The remaining three PAHs also 
activated the AhR, but the observed effect was not dose dependent (Figure 7-9). 
7.3.4.1. Effects of individual and mixtures of As, Cd and Pb on AhR 
activation of B[a]P 
Individual (As or Cd or Pb) or combination (As +Cd or As + Pb or Cd + Pb) of metals 
did not activate the AhR in HepG2-CAFLUX assay. The binary (B[a]P + As or Cd or 
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Pb) or ternary mixtures (B[a]P + (As + Cd) or (As + Pb) or (Cd + Pb) of B[a]P and 
metals significantly increased the AhR activity compared to B[a]P alone. Among 
these mixtures, the mixture of B[a]P + As and B[a]P + As +Pb resulted in a maximum 
of 17% increase in the AhR activity compared to B[a]P alone (Figures. 7-10 to 7-11).  
7.3.4.2. Effects of individual and mixtures of Nap, Phe and Pyr on AhR 
activation of B[a]P 
The binary combination of B[a]P with Nap, Phe and Pyr (B[a]P + Nap or Phe or Pyr) 
or ternary combinations (B[a]P + (Nap + Phe) or (Nap + Pyr) or (Phe + Pyr) reduced 
the AhR activity compared to B[a]P alone. The mixtures of B[a]P + Phe and B[a]P 
Nap + Phe resulted in 16 and 12% of reduction in the AhR activity compared to B[a]P 
alone, respectively (Figures 7-12 to 7-13). 
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Table 7-2. Effects of mixtures of B[a]P and metals on micronucleus (%MN) formation in HepG2 cells 
Binary mixtures of B[a]P + metals 
Vehicle 
control 
B[a]P- 2 µM 
B[a]P + As (µM) * B[a]P + Cd (µM) * B[a]P + Pb (µM) * 
2 + 5 2 + 10 2 + 0.3 2 + 1 2 + 25 2 + 50 
1.8 ± 0.4 11.8 ± 1.7 21.1 ± 3.4 42.6 ± 5.9 21.3 ± 1.1 41.0 ± 6.1 21.2 ± 4.0 42.3 ± 4.0 
Fold change compared to B[a]P 1.79 ± 0.29↑ 3.62 ± 0.5↑ 1.81 ± 0.09↑ 3.49 ± 0.51↑ 1.8 ± 0.34↑ 3.59 ± 0.34↑ 
Ternary mixtures of B[a]P + metals 
Vehicle 
control 
B[a]P- 2 µM 
B[a]P + As + Cd (µM) B[a]P + As + Pb (µM) B[a]P + Cd + Pb (µM) 
2 + 2.5 + 0.15 2 + 5 + 0.50* 2 + 2.5 + 12.5 2 + 5 + 25* 2 + 0.15 + 12.5 2 + 0.50 + 25* 
1.5 ± 0.3 6.6 ± 1.0 10.6 ± 0.4 30.8 ± 6.4 9.5 ± 1.0 23.0 ± 5.2 11.0 ± 1.7 24.2 ± 5.5 
Fold change compared to B[a]P 1.6 ± 0.1↑ 4.7 ± 1.0↑ 1.4 ± 0.2↑ 3.5 ± 0.8↑ 1.7 ± 0.3↑ 3.7 ± 0.8↑ 
Binary and ternary mixtures of metals 
Vehicle 
control 
As – 10 µM 
As + Pb (µM) As + Cd (µM) As + Cd + Pb (µM)  
10 + 25 10 + 50* 10 + 0.3 10 + 1* 10 + 25 + 0.5  
1.5 ± 0.2 9.8 ± 1.2 10.0 ± 0.8 20.1 ± 4.5 11.3 ± 2.1 17.3 ± 1.2 11.6 ± 1.8  
Fold change compared to As 1.0 ± 0.1↑ 2.1 ± 0.5↑ 1.2 ± 0.2↑ 1.8 ± 0.1↑ 1.2 ± 0.2↑  
Values are mean ± SD (n= 4); B[a]P- benzo[a]pyrene, As- arsenic, Pb- lead, Cd- cadmium. For each group, % of MN formation was calculated 
using the total number of MN/ total nucleated cells. Fold change of MN was calculated by comparison of MN formation between the mixtures and 
B[a]P alone treated group. *- significant difference compared to B[a]P (p<0.001). ↑- increase 
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Table 7-3 Effects of mixtures B[a]P and PAHs (Nap, Phe and Pyr) on micronucleus (%MN) formation in HepG2 cells 
Binary mixtures of B[a]P + PAHs 
Vehicle 
control 
B[a]P – 2 µM 
B[a]P + Nap (µM) B[a]P + Phe (µM)* B[a]P + Pyr (µM) 
2 + 5 2 + 15* 2 + 5 2 + 15 2 + 5 2 + 15 
1.8 ± 0.3 10.7 ± 2.1 6.3 ± 2.4 5.3 ± 2.2 4.3 ± 1.5 4.2 ± 2.2 6.2 ± 1.1 7.3 ± 3.3 
Fold change compared to 
B[a]P 
0.59 ± 0.23↓ 0.49 ± 0.20↓ 0.40 ± 0.14↓ 0.39 ± 0.20↓ 0.58 ± 0.10↓ 
0.68 ± 
0.30↓ 
Ternary mixtures of B[a]P + PAHs 
Vehicle 
control 
B[a]P – 2 
µM) 
B[a]P + Nap + Phe (µM)* B[a]P + Nap + Pyr (µM)* B[a]P + Phe + Pyr (µM) 
2 + 2.5 + 2.5 2 + 7.5 + 7.5 2 + 2.5 + 2.5 2 + 7.5 + 7.5 2 + 2.5 + 2.5 2 + 7.5 + 7.5* 
1.7 ± 0.3 10.2 ± 2.5 6.0 ± 1.9 5.4 ± 2.2 5.9 ± 2.3 5.4 ± 1.9 6.9 ± 1.6 5.9 ± 1.8 
Fold change compared to 
B[a]P 
0.59 ± 0.19↓ 0.53 ± 0.20↓ 0.58 ± 0.23↓ 0.53 ± 0.18↓ 0.67 ± 0.16↓ 0.58 ± 0.18↓ 
Quaternary and seven component mixtures 
Vehicle 
control 
B[a]P – 2 µM 
B[a]P+As 
+Cd+Pb- 
2+ 5 + 0.25 + 
12.5 µM 
Vehicle 
control 
B[a]P – 2 
µM 
B[a]P + Nap + 
Phe + Pyr- 2 + 
7.5 + 2.5 + 2.5 
µM 
Seven component mixtures of PAHs and 
metals (B[a]P+As+Cd+Pb+Nap+Phe+Pyr) - 
2+ 1.25+0.06+3.12+1.87+0.93+0.93 µM 
1.5 ± 0.3 6.6 ± 1.0 13.7 ± 1.6 1.7 ± 0.3 10.2 ± 2.5 9.2 ± 1.9 9.9 ± 2.2  
Fold change compared to 
B[a]P 
2.1 ± 0.2↑   0.91 ± 0.2↓ 0.97 ± 0.2↓  
Values are mean ± SD (n=4); B[a]P- benzo[a]pyrene, As- arsenic, Pb- lead, Cd- cadmium, Nap- naphthalene, Phe- phenanthrene, Pyr- pyrene. 
For each group, % of MN formation was calculated using the total number of MN/ total nucleated cells. Fold change of MN was calculated by 
comparison of MN formation between the mixtures and B[a]P alone treated group. *- significant difference compared to B[a]P (p<0.001). ↑- 
increase; ↓- decrease. 
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Figure 7-2 Effects of binary, ternary, quaternary, and multi-component 
mixtures of PAHs and metals on the cytotoxicity in HepG2 cells.  
Cytotoxicity (%) is expressed as reduction in cell viability compared to vehicle 
control. Values are mean ± SD, n= 3. 
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Figure 7-3 Effects of individual PAHs and metals on the micronucleus (MN) 
formation in HepG2 cells. 
Results are expressed as % of MN formation (micronucleated cells/total nucleated cells x 
100). * indicates significant difference (p<0.001) compared to vehicle control. As - arsenic, 
B[a]P - benzo[a]pyrene, Cd - cadmium, Pb - lead, MMC- mitomycin C, Nap – naphthalene, 
Phe - phenanthrene and Pyr – pyrene. 
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Figure 7-4 Effects of binary mixtures of B[a]P and metals on the micronucleus 
(MN%) formation in HepG2 cells.   
Results are expressed as fold change in MN (%) formation compared to vehicle 
control. * indicates significant difference (p<0.001) compared to B[a]P alone. Values 
are mean ± SD, n= 4. 
 
Figure 7-5 Effects of ternary and quaternary mixtures of B[a]P and metals on 
the micronucleus (MN%) formation in HepG2 cells.   
Results are expressed as fold change in MN (%) formation compared to vehicle 
control. * indicates significant difference (p<0.001) compared to B[a]P alone. Values 
are mean ± SD, n= 4. 
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Figure 7-6 Effects of binary mixtures of B[a]P and Nap, Phe and Pyr on the 
micronucleus (MN%) formation in HepG2 cells.   
Results are expressed as fold change in MN (%) formation compared to vehicle 
control. * indicates significant difference (p<0.001) compared to B[a]P alone. Values 
are mean ± SD, n= 4. 
 
Figure 7-7 Effects of multi-component mixtures of PAHs and metal on the 
micronucleus formation (MN%) in HepG2 cells.  
Results are expressed as fold change in MN (%) formation compared to vehicle 
control. * indicates significant difference (p<0.001) compared to B[a]P alone. Values 
are mean ± SD, n= 4. 
 
 124 
 
 
Figure 7-8 Effects of Cd and Pb on the micronucleus (MN%) formation of 
arsenic (As) in HepG2 cells. 
Results are expressed as fold change in MN (%) formation compared to vehicle 
control. * indicates significant difference (p<0.001) compared to As alone. Values are 
mean ± SD, n= 4. 
                   
 
Figure 7-9 Effects of B[a]P, Nap, Phe, and Pyr on the activation of aryl 
hydrocarbon receptor (AhR) in HepG2 cell based CAFLUX assay.  
The changes in the expression of enhanced green fluorescent protein (EGFP) 
indicate activation of AhR and measured as fluorescence intensity (FI). Values are 
mean ± SD, n= 3. 
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Table 7-4 Effects of mixtures of B[a]P and metals on cell cycle parameters in HepG2 cells 
G1, S and G2/M phase represents various stages of the cell cycle. Cell cycle parameters were analysed using Modfit Software. Values are 
mean ± SD; n=4; B[a]P- benzo[a]pyrene, As- arsenic, Pb- lead, Cd- cadmium. *-significant difference compared to B[a]P or As (p<0.001). 
 
 
Binary mixtures of B[a]P and metals 
Cell cycle 
parameters 
Vehicle control B[a]P- 2 µM 
B[a]P + As (µM) B[a]P + Cd (µM) B[a]P + Pb (µM) 
2+ 5 2 + 10 2 + 0.3 2 + 1 2 + 25 2 + 50 
G1 (%) 75.1 ± 3.1  65. 3 ± 2.2  56.3 ± 3.6* 39.7 ± 3.8*  54.3 ± 2.0*  43.6 ± 4.7*  56. 1 ± 2.4 * 49.0 ± 1.2* 
S Phase (%)  16.8 ± 2.5 16.9 ± 3.3 23.1 ± 6.7  32.2 ± 6.7*  25. 1 ± 5.5  28.2 ± 9.0 26.3 ± 2.2  28.2 ± 4.8 
G2/M (%) 8.2 ± 0.9  18.0 ± 1.4  20.5 ± 6.8 28.1 ± 4.3*  20.8 ± 4.1  28.5 ± 5.6* 18.1 ± 2.7  23.2 ± 4.4 
Ternary and quaternary mixtures of B[a]P and metals 
 B[a]P + As + Cd (µM) B[a]P + As + Pb (µM) B[a]P + Cd + Pb (µM) B[a]P + As + Cd + Pb 
 2 + 2.5+ 0.15 2 + 5 + 0.5 2 + 2.5 + 12.5 2 + 5+ 25 2 + 0.15 + 
12.5 
2 + 0.5 + 25 2 + 5 + 0.25 + 12.5  
G1 (%) 59.5 ± 5.4 39.0 ± 2.4* 58.1 ± 0.6 44.3 ± 1.1*  59.5 ± 5.4 45.9 ± 1.4*  58.4 ± 3.6*  
S Phase (%) 21.2 ± 1.5 34.5 ± 5.3* 17.0 ± 5.5 34.0 ± 4.2* 24.5 ± 2.8 31.5 ± 3.5* 18.6 ± 7.2  
G2/M (%) 19.6 ± 4.0 26.5 ± 4.4* 24.8 ± 5.7 21.7 ± 3.3 16.8 ± 1.5 22.6 ± 4.6 22.9 ± 5.5*  
 Metal mixtures 
 Vehicle control As- 10 µM As + Pb ( µM) As + Cd ( µM) As + Cd + Pb ( µM)  
 10 + 25 10 + 50 10 + 0.3 10 + 1 10 + 25 + 0.5  
G1 (%) 70.7 ± 2.3 66.3 ± 1.7 66.2 ± 1.6 59.1 ± 3.1* 64.5 ± 2.8 55.2 ± 3.2* 57.5 ± 1.5*  
S Phase (%) 14.0 ± 1.3 18.8 ± 4.5 19.5 ± 1.7 19.9 ± 6.4 21.3 ± 5.6 19.2 ± 1.1 13.1 ± 3.0  
G2/M (%) 15.3 ± 0.95 15.2 ± 3.2 14.3 ± 2.1 20.1 ± 5.2* 16.0 ± 5.2 25.6 ± 2.6 29.3 ± 2.8*  
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Table 7-5 Effects of multi-component mixtures of PAHs and metals on cell cycle parameters in HepG2 cells 
Binary mixtures of B[a]P + PAHs 
Cell cycle 
parameters 
Vehicle 
control 
B[a]P- 2 (µM) 
B[a]P + Nap (µM) B[a]P + Phe (µM) B[a]P + Pyr (µM) 
2+ 5 2 + 15 2 + 5 2 + 15 2 + 5 2 + 15 
G1 (%) 72. 2 ± 3.5 63.6 ±1.9 66.2 ± 2.8 60.8 ± 3.1 66.7 ± 1.5 60.5 ± 3.7 66.9 ± 0.894 60.0 ± 0.7 
S Phase (%) 14.1 ± 1.1 18.1 ± 1.1 12.4 ± 2.4 16.2 ± 3.1 15.0 ± 0.9 15.3 ± 4.8 15.4 ± 1.3 14.9 ± 1.672 
G2/M (%) 13. 7 ± 3.2 18.4 ± 2.4 21. 1 ± 5.3 23.0 ± 2.8 17.8 ± 2.5 24.7 ± 3.8 17.9 ± 0.2 25.1 ± 2.3 
         
 Multi-component mixtures of PAHs and metals  
 
B[a]P + Nap + Phe (µM) B[a]P + Nap + Pyr (µM) B[a]P + Phe+ Pyr (µM) 
B[a]P + Nap + Phe 
+ Pyr (µM) 
PAHs & 
metals 
 2 + 2.5 + 2.5 2 + 7.5 + 7.5 2 + 2.5 + 2.5 2 + 7.5 + 7.5 2 + 2.5 + 2.5 2 + 7.5 + 7.5 2 + 7.5 + 2.5 + 2.5   
G1 (%) 66. 0 ± 1.2 60.2 ±2.5 64.9 ± 1.7 61.6 ± 1.4 67.2 ± 1.0 62.4 ± 2.6  65.8 ± 1.1 62.3 ± 3.7 
S Phase (%) 16.8 ± 2.3 15.2 ± 2.7 15.4 ± 2.5 15.0 ± 4.7 16.2 ± 2.1 15.4 ± 3.7  13.9 ± 3.1 17.4 ± 8.2 
G2/M (%) 17.7 ± 2.9 24.4 ±3.9 20.1 ± 3.3 23.1 ± 5.5 17.0± 3.2 22.2 ± 2.9 21.3 ± 5.0  23.0 ± 0.7 
G1, S and G2/M phase represents various stages of the cell cycle. Cell cycle parameters were analysed using Modfit Software. Values are 
mean ± SD; n=4; B[a]P- benzo[a]pyrene, Nap- naphthalene, Phe- phenanthrene, Pyr- pyrene. *-significant difference compared to B[a]P 
(p<0.001). 
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Figure 7-10 Effects of arsenic (As), cadmium (Cd) and lead (Pb) on the AhR 
activity of B[a]P in HepG2 cell based CAFLUX (assay. 
The changes in the expression of enhanced green fluorescent protein (EGFP) indicate 
activation of AhR and measured as fluorescence intensity (FI). * indicates significance 
(p<0.001) compared to B[a]P. Values are mean ± SD, n= 3. 
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Figure 7-11 Effects of mixtures of As, Cd and Pb on the AhR activity of B[a]P in 
HepG2 cell based CAFLUX assay. 
The changes in the expression of enhanced green fluorescent protein (EGFP) indicate 
activation of AhR and measured as fluorescence intensity (FI). * indicates significance 
(p<0.001) compared to B[a]P. Values are mean ± SD, n= 3. 
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Figure 7-12 Effect of Nap, Phe and Pyr on the AhR activity of B[a]P in HepG2 
cell based CAFLUX assay. 
The changes in the expression of enhanced green fluorescent protein (EGFP) indicate 
activation of AhR and measured as fluorescence intensity (FI). * indicates significance 
(p<0.001) compared to B[a]P. Values are mean ± SD, n= 3. 
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Figure 7-13 Effects of mixtures of Nap, Phe and Pyr on the AhR activity of 
B[a]P in HepG2 cell based CAFLUX assay. 
The changes in the expression of enhanced green fluorescent protein (EGFP) indicate 
activation of AhR and measured as fluorescence intensity (FI). * indicates significance 
(p<0.001) compared to B[a]P. Values are mean ± SD, n= 3. 
 
7.4. Discussion  
The genotoxicity of Individual and mixtures of PAHs and metals was evaluated in 
HepG2 cells by determining the MN formation using flow cytometry. Human health 
risk assessment of these chemicals is mostly carried out based on the toxicity data 
of individual chemicals. The toxicity data of PAHs and metals mixtures especially the 
genotoxic effects of these mixtures are needed for their risk assessment due to their 
known carcinogenic potential. High throughput assays based on human cells are 
recommended by the National Research Council (NRC) for the screening of 
environmental chemicals. Various automated genotoxicity assays have been 
developed for high throughput screening. However, these assays are not routinely 
used for screening of chemical mixtures. Among the available automated assays, 
human cell based flow cytometry evaluation of MN such as the one used in the 
current study offers the advantage of simplicity and is also useful to define the mode 
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of action to some extent. This assay has been validated using TK6 and Chinese 
hamster ovary (CHO) cell lines (OECD 2014). In this study, the protocol and assay 
have been optimised and standardised using HepG2 cells. We have conducted the 
initial studies using mitomycin C (MMC), B[a]P, Nap, Phe, Pyr, As, Cd, and Pb to 
standardize this protocol to our laboratory conditions. Mitomycin C and B[a]P 
showed a clear positive response for MN formation in HepG2 cells. Cadmium and 
Pyr showed weak positive and negative effect on MN formation, respectively. The 
observed positive response for MN formation induced by MMC and B[a]P is 
supported by Bryce et al. (2013), Shie et al. (2010) and Luckamowicz et al. (2011). 
Based on these findings, this flow cytometry-based approach is extended to evaluate 
the genotoxicity of PAHs and metal mixtures.  
In the individual dose response study, B[a]P showed a positive effect for MN 
formation in HepG2 cells. The genotoxicity of B[a]P has been studied extensively 
using various test systems like prokaryotes, eukaryotes, and mammalian cells, and 
animal experiments. B[a]P causes gene mutation, chromosomal damage, DNA 
adduct formation, and sister chromatid exchange (ATSDR 1995). Among the metals, 
arsenic alone had shown a clear positive response for MN formation. Arsenic was 
positive for MN formation and chromosomal aberrations in various in vitro and in vivo 
studies. The exact mechanism for arsenic genotoxicity is not fully understood, one 
possible explanation is interference of regulation of DNA repair or integrity (Gebel 
2001, Hughes 2002). Cadmium is not mutagenic in bacterial systems and induces 
DNA damage, MN formation, sister chromatid exchange, and chromosomal 
aberrations (Joseph 2009). In this study, Cd and Pb were found to have a weak 
positive effect for MN formation at the tested concentrations. Cadmium was highly 
toxic to HepG2 cells, hence could not be tested at higher concentrations for 
genotoxicity. Cadmium did not show the positive response for genotoxicity in MN test 
and comet assay in HepG2 and HepaRG cells, respectively (Le Hégarat et al. 2014). 
In another study, the genotoxicity effect of Cd was inconsistent in human cell line 
based MN test (Bryce et al. 2013). Lead also causes genotoxicity by generation of 
free radicals or damage to DNA by inhibiting DNA repair (García-Lestón et al. 2010). 
Overall, all three metals were negative in bacterial mutagen assays and inhibition of 
DNA repair mechanism is considered as a mechanism for their genotoxicity. 
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In the present study, the mixtures of B[a]P and metals increased the MN formation of 
B[a]P. The co-mutagenicity of metals has been demonstrated in the genotoxicity of 
UV light and alkylating agents (Rossman et al. 2004, García-Lestón et al. 2010, 
Hartwig 2010). Arsenic enhanced the DNA damage caused by X-ray, alkylating 
agents, DNA cross-linking agents, and B[a]P in cultured mammalian cells (Shen et 
al. 2008). The genotoxic effects of binary mixtures of B[a]P and As are supported by 
Maier et al. (2002), Evans et al. (2004), Fischer et al. (2005), Shen et al. (2006) and 
Chen et al. (2013). But the reported mechanisms for co-mutagenicity of As with 
B[a]P are not consistent between the studies. The various mechanisms suggested 
for this co-mutagenicity are oxidative stress (Fischer et al. 2005, Chen et al. 2013), 
alteration of DNA repair, inhibition of suppressor protein p53 (Chiang and Tsou 
2009), hypomethylation of DNA and interfere with Phase I and II metabolism (Maier 
et al. 2002).   
Cadmium is also reported as a co-mutagen with UV radiation, alkylation and 
oxidation agents in mammalian cells (Hartwig 2010). The effect of Cd on DNA repair 
mechanism, including base and nucleotide excision repairs and mismatch repair, is 
considered as the mechanism for its co-mutagenicity. Cadmium increased the DNA 
damage of BPDE ((+/-)-anti-benzo[a]pyrene-7,8-diol-9,10-epoxide) in human 
fibroblast cells by inhibition of repair of DNA via nuclear excision repair (NER) 
pathway, attenuation of BPDE induced p53 accumulation and abrogation of the cell 
cycle (Mukherjee et al. 2004). In contrast, Cd (100 mg/L) did not alter the MN 
formation of B[a]P in male C57BL/6J/Han mice (Lewińska et al. 2007) and also 
decreased the BPDE-DNA adduct formation in the RPTEC/TERT1 cell line through 
priming of the antioxidant response pathway (Simon et al. 2014). There were no 
reports available for As, Cd and Pb for the ternary and quaternary combination with 
B[a]P. The data from our study is the first report in which the genotoxicity of these 
higher order mixtures. 
In cell cycle analysis, cell cycle abnormalities indicate damage to DNA and genomic 
instability (Stellas et al. 2014). The mixtures of B[a]P and metals reduced the cell 
population in G1 phase and increased the cell arrest or accumulation in G2/M phase, 
respectively. The findings of abnormalities in different phases of the cell cycle 
(especially at G2/M phase) can be correlated with the increased MN formation of 
B[a]P and metals mixtures.  
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In our previous studies, we reported that combination of B[a]P with As, Cd and Pb 
increased the ROS-mediated oxidative stress in HepG2 cells (Muthusamy et al. 
2016c) and also activated the Nrf2-antioxidant response pathway in ARE reporter- 
HepG2 cells Muthusamy et al. 2016b). The role of As-induced oxidative stress in 
elevation of CYP1A1 expression is well demonstrated in lung tissues (Wu et al. 
2009). Arsenic also induces CYP1A1 gene (Kann et al. 2005) and CYP1A1 enzyme 
by interfering AhR/CYP1A1 autoregulatory feedback mechanism (Mohammadi-
Bardbori et al. 2015). Cadmium and Pb also significantly induced CYP1A1 alone or 
potentiate the induction by other AhR ligands (Anwar-Mohamed et al. 2009). 
However, few studies indicate that As, Cd and Pb decrease the CYP1A1 activity 
induced by B[a]P (Vakharia et al. 2001b, Elbekai and El-Kadi 2004). In our study 
using HepG2 cell based CAFLUX assay, we found that As, Cd and Pb alone did not 
activate the AhR but the mixtures of B[a]P and metals significantly increased the 
AhR activity. Further studies on effects of B[a]P and metal mixtures on oxidative 
stress, AhR activation and genotoxicity will be useful to understand the mechanism 
of co-genotoxicity of As, Cd and Pb with B[a]P and also explain the role of oxidative 
stress induced changes in regulation of AhR mediated CYP1A1 activity and the 
effects of metals on the DNA repair mechanism  
The combination of B[a]P with other PAHs (binary to quaternary) decreased the MN 
formation compared to B[a]P alone up to 60% reduction in MN formation Vs B[a]P 
alone). Most of the reported studies were conducted with mixtures of 16 priority 
PAHs and the results were inconsistent (Mahadevan et al. 2004, Jarvis et al. 2014, 
Lemieux et al. 2015). Few studies have so far been conducted with binary mixtures 
and the interaction effects vary depending on the PAHs that are present in the 
mixture along with B[a]P. Binary mixtures of B[a]P with Dibenzo[a,l]pyrene 
(DB[a,l]P), benza[a]anthracene, benzo[b]fluoranthene (B[b]F), and chrysene resulted 
in a synergistic effect on BPDE-DNA adduct formation in human embryonic lung 
diploid fibroblast cell lines (Sevastyanova et al. 2007). The equipotent mixture of 
B[a]P with fluoranthene or 1-methylphenanthrene showed synergism for DNA adduct 
formation in HepG2 cells (Staal et al. 2007) and also with B[b]F, Dibenz[a,h]acridine 
(DB[a,h]A) but antagonism was observed with benzo[k]fluoranthene (B[k]F) for 
BDPE adduct formation in HepG2 cells, respectively (Tarantini et al. 2011). The 
binary mixtures of B[a]P with Pyr and Phe increased or decreased the binding of 
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B[a]P to DNA, respectively (Jarvis et al. 2014) and Phe and Pyr are found to have an 
additive and antagonistic effect on MN formation, respectively (Gaskill and Bruce 
2015). In addition, the mixtures of B[a]P with PAHs did not show any changes in cell 
cycle parameters and reduced the AhR activation of B[a]P. The results from this 
study suggest the interference of non-carcinogenic PAHs with B[a]P for Ahr binding 
and subsequent saturation of the metabolic pathways might be the possible reason 
for these PAHs effects on genotoxicity of B[a]P.  
There are no extensive data available for genotoxicity of metal mixtures. The 
combination of As and Pb was reported to have an antagonistic effect in 
chromosomal aberration test in human lymphocytes (Beckman and Nordenson 
1986). In this study, the binary or ternary mixtures of Cd and Pb with As increased 
the MN formation of compared to As alone.  
The higher order mixtures, quaternary and seven-component mixtures did not show 
a significant difference in the MN formation compared to B[a]P alone. This finding 
differs from lower order mixtures (binary and ternary mixtures increased the MN 
formation). The exact reason for this observation is not known. Arsenic, Cd and Pb, 
when combined individually with B[a]P (binary mixtures) increased the MN formation 
but when they combined (quaternary mixtures) together, the co-mutagenicity effect 
of metals was decreased. One possible reason for this difference is that the 
observed co-mutagenicity could be concentration dependent. The concentrations of 
metals were higher in the binary mixtures compared to those of ternary and 
quaternary mixtures. But in the quaternary and seven-component mixtures, the 
individual concentrations of As, Cd and Pb were reduced to avoid toxicity to cells. At 
lower concentrations, the individual or mixtures of metals might not cause any 
changes in the oxidant status of cells, so they did not increase the genotoxicity of 
B[a]P. Since metals are known inducers of oxidative stress, they might have 
increased the oxidative stress in the binary combinations (the individual 
concentration of metals is high) and in turn results in changes of Ahr Activity and 
metabolism of B[a]P, and increased the co-genotoxicity.  
In this study, a flow cytometry-based MN evaluation was used to evaluate the 
genotoxicity of PAHs and metal mixtures. This method is useful for efficient MN 
scoring and provides the information about the effects of chemicals on cytotoxicity 
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and cell cycle parameters. The limitations of this method include issues in 
differentiating MN and free chromosomes from metaphase cells, cells require lysis 
prior to the analysis to release nuclei and MN, and the highest concentration for MN 
evaluation is limited by the toxicity (Kirsch-Volders et al. 2011). 
7.5. Conclusions 
Flow cytometry based micronucleus test was used to determine the effects of 
mixtures of PAHs, As, Cd and Pb on genotoxicity in HepG2 cells. The mixtures of 
metals and PAHs increased or decreased the genotoxicity of B[a]P, respectively. 
The observed interaction effect between these chemicals depends on the 
concentrations, numbers of and which chemicals are present in the mixtures. Further 
studies with the combination of oxidative stress, gene expression pathways and 
kinetic interaction are required to understand the mixture effects.   
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8. In vitro assessment of bioaccessibility and toxicity of 
benzo[a]pyrene, arsenic, cadmium, and lead in soil using 
Unified BARGE Method and HepG2 cell based bioassays 
Abstract  
Understanding the bioavailability and toxicity of chemicals in soil is essential for 
effective risk assessment in the contaminated sites. It is expected that the 
bioavailable fraction of chemicals provides more relevant information than the total 
concentration in the soil for a better understanding of toxicity. The objective of this 
study is to determine the bioaccessibility of PAHs and metals in soil using an in vitro 
bioaccessibility method and evaluate the toxicity of these bioaccessible fractions in 
cell based bioassays. In this study, the bioaccessibility method, the unified BARGE 
(UBM) method and HepG2 cell based bioassays were used to evaluate the 
bioaccessibility and toxicity of PAHs (benzo[a]pyrene (B[a]P)) and metals (arsenic 
(As), cadmium (Cd) and lead (Pb)) in soil, respectively. Four non-contaminated soil 
samples and five samples from two former manufactured gas plant sites were 
collected from different locations in Australia. The non-contaminated soil samples 
were spiked with B[a]P or As or Cd or Pb and samples from the gas plant site were 
spiked with metals only. All the samples were aged for a period of three months. The 
bioaccessibility was assessed using the UBM method and the obtained % of 
bioaccessibility was higher for metals and very low for B[a]P in soil, respectively. The 
bioaccessible fraction (UBM extract) was used to evaluate the cytotoxicity and 
oxidative stress response in HepG2 cell based bioassays. Cytotoxicity and oxidative 
stress response were evaluated using the MTS assay and Nrf2-ARE activation, 
respectively. The individual PAHs or metals were not toxic to HepG2 cells, but 
induction of oxidative stress response was observed with individual or mixtures of 
metals. This study shows that a combination of bioaccessibility and toxicity assays is 
a useful approach to characterize the toxicity of the bioaccessible fraction of 
chemicals in soil and could be useful to evaluate the toxicity of other chemicals in the 
contaminated environment.  
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Figure 8-1 Graphical representation of toxicity assessment of bioaccessible 
fraction of PAHs and metals in soil 
8.1. Introduction 
Soil is the major sink for environmental chemicals and its contamination is a growing 
problem in many countries. The contaminant level in the soil is elevated mainly due 
to anthropogenic activities, urbanization and industrialization. The ubiquitous 
contaminants in the soil are metals, BTEX compounds, PAHs, polychlorinated 
biphenyls, and emerging contaminants (Science Communication Unit 2013, Valentín 
et al. 2013, Su 2014).  
Arsenic, Cd and Pb are naturally occurring substances and the concentration of 
metals in the soil is the sum of the concentration of natural and anthropogenic 
sources. The sources of metal contamination are atmospheric deposition of metals, 
flooding and sediment deposition, sewage sludge and application of fertilizers 
(Alloway 2013). Mining is one of the major sources of metal contamination in soil. 
The concentration of metals in the urban soil is significantly higher in the areas near 
to industrial activities (Guagliardi et al. 2012, Acosta et al. 2015). The toxicity of 
metals in humans and other organisms are well characterised. 
Polyaromatic hydrocarbons (PAHs) are persistent organic pollutants, formed during 
the incomplete combustion of organic materials and commonly found in the outdoor 
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and indoor environment. The concentration of PAHs in the soil is normally low due to 
its hydrophobicity associated insolubility. The major source of PAHs in the soil is 
from the deposition of airborne particles. Due to the high hydrophobicity and stable 
chemical structure, PAHs can be adsorbed rapidly onto soil particles, particularly on 
soil organic matter (Simon and Sobieraj 2006). The major health effects associated 
with exposure to PAHs are immunotoxicity, developmental toxicity and most 
importantly cancer in various organs (Rengarajan et al. 2015). 
The mixed contamination of PAHs and metals is a serious health concern and one of 
the major sources of these mixed contaminants is former manufactured gas plant 
sites (fMGP). During the 20th century, large numbers of gas plant sites were 
constructed for fuel gas production and these sites were commissioned after 1920, 
due to the wide availability of natural gas. The most common contaminants from this 
process are PAHs, petroleum hydrocarbons, benzene, cyanide, metals, and phenols 
and typically, soil, ground water, and nearby sediment can be contaminated by these 
chemicals (Hatheway 2009, Thavamani et al. 2012). These plant sites were 
converted into other industrial and residential areas due to urban development and 
demands. This leads to the possibility of human exposure to these mixed 
contaminants. 
Children and adults are exposed to soil contaminants through ingestion while playing 
or other activities such as gardening. Hand-to-mouth behavior in young children is 
the major route of exposure to soil contaminants and the other possible routes are 
inhalation of contaminants bound to soil particles and food from contaminated land 
(Carpenter and Bushkin-Bedient 2013). The potential risk associated with 
contaminants is estimated using a conservative approach of the total concentration 
of the contaminants in the soil (Harmsen 2007, USEPA 2007). But the actual risk 
depends on the amount of contaminants reach the human blood stream and 
bioavailable to elicit toxicity (Griffin and Lowney 2012, Collins et al. 2015). The 
pharmacological term, bioavailability is defined as the amount of chemical available 
at the site of action after absorption. In the environmental risk assessment, 
bioavailability is the amount of a contaminant that is absorbed into the body following 
skin contact, ingestion or inhalation (NRC 2003). Contamination bioavailability is now 
regarded as a priority research for both risk assessment process and remediation 
(Ng et al. 2010). 
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Animal models have been routinely used for assessing the bioavailability of 
chemicals and the immature swine models are generally the preferred animal model 
for in vivo studies because swine metabolism is similar to that of humans, particularly 
the young children (Rees et al. 2009, Ng et al. 2015). However, due to the factors 
like cost, ethical issues and time, use of complementary approaches such as in vitro 
assays simulating human gastrointestinal conditions have been developed as a 
surrogate measurement of bioavailability (Oomen et al. 2002, Juhasz et al. 2007). 
The accurate estimation of bioaccessibility plays a major role in the determination of 
the risk associated with chemical exposure. Bioaccessibility refers to the fraction of a 
contaminant that is released from the soil into solution by digestive juices. It 
represents the maximum amount of contaminant that is available for intestinal 
absorption (Ng et al. 2010). This bioaccessible fraction is absorbed and enters the 
circulation after biotransformation. Hence, the bioaccessibility is one of the limiting 
factors of the bioavailable fraction of orally exposed chemicals. The bioaccessible 
fraction is usually greater than the bioavailable fraction (Wragg and Cave 2003), its 
measurement may provide a conservative measure of bioavailability and therefore, 
laboratory based in-vitro tests have been developed to predict the bioaccessibility of 
chemicals. A number of in vitro models that simulate the GI tract have been 
developed as screening methods to measure the bioaccessibility of chemicals. The 
commonly used methods for inorganic contaminants are the physiologically based 
extraction test (PBET) (Ruby et al. 1996); the in vitro gastrointestinal method (IVG) 
(Rodriguez et al. 1999); the Dutch National Institute for Public Health and the 
Environment method (RIVM) (CHM et al. 2004). Few of these methods have been 
validated with in vivo methods. The US EPA has validated an in vitro method for 
determination of in vivo lead relative bioavailability on a site-specific basis (EPA 
2013) and the in vitro bioaccessibility of As, Cd, and Pb has been cross-validated 
with a swine model (Denys et al. 2012).  
In this study, the unified BARGE (Bioaccessibility Research Group of Europe) 
method is used to study the bioaccessibility of PAHs and metals. BARGE is a 
European network bringing together international institutes and research groups to 
study human bioaccessibility of priority contaminants in soil such as As, Cd and Pb. 
The UBM method has been evaluated for reproducibility by means of an international 
inter-laboratory comparison and in vivo validation has been carried out for As, Cd 
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and Pb (Wragg et al. 2011). The modified UBM method, FOREhST (Fed Organic 
Estimation human simulation test) method has been used to assess the 
bioaccessibility of PAHs in soil (Cave et al. 2010, Lorenzi et al. 2012).  
The studies for risk assessment of chemicals were conducted either using in vitro 
bioaccessibility tests or toxicity assays alone. A combined approach of bioavailability 
and toxicity assays is required to improve the risk assessment of these contaminants 
in soil. To the best of our knowledge, this is the first study using a combination of 
UBM method (bioaccessibility) and toxicity assays (in vitro bioassays) to determine 
the toxicity of B[a]P and metals in soil.  
The aim of the study is to determine the bioaccessibility of As, Cd, Pb, and B[a]P in 
soil using the UBM method and evaluate the toxicity of the bioaccessible fraction of 
B[a]P and metals in HepG2 cell based bioassays, respectively.  
8.2. Materials and methods 
8.2.1. Soil sample collection and characterization 
Four physicochemically different topsoils (0-20 cm) were collected from Dublin 
(DUA), Kersbrook (KBA), Tarrington (TAA) and mount Gambier (MGA) from different 
locations in the states of Victoria and South Australia in Australia. A total of five 
different soil samples were collected from two former gas plant sites, New South 
Wales, Australia. All the samples were air dried at ambient temperature and sieved 
through stainless steel sieves to collect the < 2mm fractions. After sieving, the 
samples were stored at room temperature. 
The physicochemical properties of soil, pH, and elemental analysis of total carbon, 
nitrogen, sulfur, total organic carbon, cation exchange capacity, oxalate-extractable 
iron, aluminum, and manganese were determined as described by Xia et al. (2016).  
8.2.2. Spiking of non-contaminated soil samples with B[a]P and metals 
Non-contaminated soil samples DUA, KBA, MGA, and TAA were spiked with As, Cd, 
Pb, and B[a]P. The stock solutions of metals were prepared in MQ water. The 
selected concentrations were 500, 150 and 1500 mg/kg, respectively. These 
concentrations were selected based on the Australian national environmental 
protection measure for the assessment of sites contaminated health investigation 
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level A (HIL A) for standard residential garden and children’s day care centres and 
primary schools. The HIL of B[a]P, As, Cd, and Pb are 5, 100, 20, and 300 mg/kg, 
respectively (NEPC 2013). The stock solution of B[a]P, 100 mg/kg was prepared in 
acetone and volume was made up with hexane. Soil samples were spiked with B[a]P 
and care was taken to avoid evaporation of B[a]P solution during spiking. The 
spiking was carried out using the following procedure. Soil samples were spread out 
in a thin layer and metals or B[a]P solutions were sprayed. The samples were mixed 
thoroughly and transferred to a plastic container and aged for three months at 
ambient temperature with 10 h light cycles. 
8.2.3. Spiking of soil samples from fMGP sites with metals 
 A total of five soil samples were collected from two different fMGP sites, namely the 
Wagga Wagga and Cootamundra Soil recycling facility in Australia. Soil samples 
were freeze-dried and sieved, and the content of PAHs and metals in soil were 
analysed. The samples from the Wagga Wagga site contain very low levels of PAHs 
and metals, hence not used for the study. Soil samples from Cootamundra site 
contain PAHs, but the levels of metal were below the detection limit. The level of 
PAHs in the Cootamundra site soil is presented in Table 8-1. Based on this analysis, 
three different samples collected from Cootamundra site were spiked with metals 
only. The spiking procedure and ageing were carried out as described in Section 
8.2.2. 
Table 8-1 Level of PAHs in the fmGP site soil samples 
 Wagga Wagga site Cootamundra site 
 Site 1 Site 2 Site 1 Site 2 Site 3 
B[a]P (mg/kg) 1 1 60 59 3 
Naphthalene 
(mg/kg) 
- - 3 2 1 
Phenanthrene 
(mg/kg) 
- - 54.4 22.7 6.8 
Pyrene (mg/kg) - - 112.4 23.5 8.9 
 
8.2.4. Measurement of bioaccessibility of PAHs and metals  
The UBM method was used to measure the bioaccessibility of PAHs and metals in 
soil. The assessment of bioaccessibility was carried out as reported by Wragg et al. 
(2009). The UBM method is modified and carried out using 0.3 g of soil sample and 
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30 mL of UMB solution as reported by Xia et al. (2016) for the measurement of 
metals as well as B[a]P in this study.  
8.2.5. Measurement of As, Cd and Pb in soil samples and UBM extracts 
The total concentration of metals in the spiked soil and UBM extract was analysed 
using the inductively coupled plasma mass spectrometry (Agilent 7500cs ICP-MS, 
Agilent Technologies, Japan), following the USEPA 3051A dissolution procedure 
(EPA 2007). Two soil standard reference materials (NIST SRM 2710a and 2711a, 
National Institute of Standards and Technology, Washington, DC), were used as a 
reference and quality control. 
8.2.6.  Measurement of PAHs in soil samples and UBM extracts 
8.2.6.1.  Measurement of PAHs in soil samples 
The contents of PAHs in soil samples were analysed using a modified version of the 
Association of Analytical Chemists (AOAC) 2007.01 procedure (Anastassiades et al. 
2003). Approximately 0.1 g of spiked sample was extracted using a mixture of 
acetone / hexane (1:1 v/v, 2 ml). Then 0.1 g of the AOAC 2007.01 extraction salt 
(containing magnesium sulfate and sodium acetate) was introduced and the contents 
were vortexed for 5 min for further extraction. This was followed by centrifuging the 
extract for 5 min at ~3000 g. Then 1 ml of the supernatant was transferred to the 
dispersive solid phase extraction (d-SPE) tube and cleaned up by vortexing the 
contents for 5 min, followed by centrifuging at ~13,500 g for 5 min. The clean extract 
was ready for analysis of PAHs by Gas Chromatography Mass Spectrometer 
(GCMS/MS) (Agilent 7890A GC-MSMS (QqQ) high resolution over 10,000). A 30 m 
x 0.25 mm ID and 0.25 µm DB-5MS column were used with helium as a carrier gas 
(flow rate = 1.2 ml/min). The injector temperature was maintained at 2700C, while the 
oven temperature was programmed with an initial temperature of 600C and ramped 
to 2100C at 120C/min then 80C/min to 3400C with 5 min hold time. Laboratory blanks 
and a reference material (European Commission BCR® -524 - industrial soil, 
obtained from Sigma-Aldrich, USA) were included and recoveries of internal and 
surrogate standards were used as a measure of QAQC.  
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8.2.6.2. Measurement of PAHs in UBM extracts 
The extracts from the stomach and intestinal phase were centrifuged and decanted 
for extraction of PAHs. Both extracts were passed through individual C18 SPE tube 
then through the d-SPE column (Agilent J&W DB-5MS 30m x 0.25µm x 0.25mm) as 
in the modified method above for clean-up of extracts before GC/MS-MS (Thermo 
Scientific Q-ExactiveTM (Orbitrap) LC-MSMS high resolution: 140,000 with Ultimate 
3000 UHPLC focus) for measurement of PAH compounds. 
8.2.7. Toxicity assessment of metals and B[a]P in UBM extracts 
Cytotoxicity and oxidative stress response of the metals in the UBM extract were 
evaluated using HepG2 cell based bioassays. The concentration of metal was low in 
both gastric and intestinal phases, especially very low in intestinal phase. B[a]P was 
not detectable in the gastric phase and the concentration was very low in the 
intestinal phase. Hence, the toxicity assays were not carried out for B[a]P. In this 
study, only the extract from gastric phase (considered as a conservative estimate of 
bioaccessibility) is used for toxicity studies. The gastric solution is freeze dried to 
concentrate the metal levels in the UBM extract. For bioassays, a general practice of 
diluting the chemical stock solution to 100 times using the culture medium is followed 
to avoid vehicle-related toxicity to cells. The chemical treatment of 24 h was used for 
both bioassays. 
8.2.7.1.  Determination of cytotoxicity of metals in UBM extracts 
The HepG2 cells were maintained as described in Section 3.3.1 of chapter 3 and the 
cells (1 x 104 cells/well) were seeded into 96 well plates and allowed to attach for 24 
h. The gastric extract of UBM method from four non-contaminated soil samples and 
three gas plant samples were serially diluted and a dose response study was carried 
out. The final concentrations of As - 0 to 12 µM, Cd-0 to 4 µM and Pb-0 to 40 µM 
were used. The working solutions were prepared in DMEM medium with the final 
concentration of UBM at 1% v/v. Each assay procedure, include metals treated 
group, UBM vehicle control, and UBM blank in triplicates. The cell viability was 
determined after 24 h of chemical treatment using the MTS assay. The details of 
assay procedure are provided in Section 3.4 of Chapter, 3. 
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8.2.7.2. Determination of oxidative stress response of metals in UBM 
extracts 
The maintenance of ARE reporter-HepG2 cells and the cell seeding procedure were 
carried out as mentioned in Section 3.3.2 of Chapter 3 and Section 5.2.1 of Chapter 
5, respectively. The selected concentrations were As – 0 to 10 µM, Cd - 0 to 2 µM 
and Pb – 0 to 10 µM and the treatment was carried out for 24 h. The working 
solutions were prepared in MEM medium with the final concentration of UBM at 1% 
v/v. The activation of Nrf2-antioxidant response pathway is expressed as a 
concentration (ECIR1.5) that results in 1.5 fold of activation in luciferase assay. The 
Nrf2 activation was measured as described in Section 3.5 of Chapter 3. Each assay 
procedure, include chemicals treated group, UBM vehicle control, and UBM blank in 
triplicates.  
8.2.7.3.  Mixture experiments- oxidative stress response of metals in UBM 
extracts 
Based on the individual concentration response study, the effect of mixtures on the 
oxidative stress response was carried out using the UBM extract from KBA soil 
samples. The mixture study was not carried out for all the four soil samples and only 
extract from KBA soil was used as a representative of non-contaminated soil 
samples. The binary mixtures were prepared based on the concentrations used in 
the individual dose response study and the mixture studies include the mixtures of 
Cd + Pb, As + Cd, As + Pb, and Cd + Pb and individual dose response of As, Cd, 
Pb, vehicle and blank controls. The effect of mixtures on the Nrf2 antioxidant 
response pathway and prediction of mixture effects based on the CA model was 
carried out as described in Section 5.2.6 of Chapter 5. 
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8.3. Results 
8.3.1. Physicochemical properties of soil samples 
Physicochemical properties of non-contaminated and gas plant sites samples are 
presented in Tables 8-2 and 8-3, respectively.  
8.3.2. Non-contaminated soil samples- physicochemical properties 
Table 8-2 Physicochemical properties of non-contaminated soil samples 
 Soil parameters Soil type 
Soil code MGA  KBA  TAA  DUA  
Soil location Mount Gambier Kersbrook Tarrington Dublin 
pH  5.68 4.45 4.92 7.31 
Clay (%)  16.3 20 10 7.5 
Silt (%)  21.9 37.5 17.5 12.8 
Sand (%)  61.9 42.5 72.5 79.8 
USDA texture Sandy loam Loam Sandy loam loamy sand 
EC (μs/cm) 128 85.8 124 393.5 
TC (%)  8.37 5.5 4.97 1.6 
TN (%)  0.0261 0.0152 0.015 0.00229 
TS (%)  0.01 0 0.01 0 
TOC (%)  8.37 5.5 4.97 1.48 
TIC (%) 0 0 0 0.12 
DOC (mg kg-1)  391 400 326 213 
CEC(cmol kg-1)  17.9 4.3 7.4 2.9 
Fe oxide (g kg-1)  12.49 1.72 3.12 0.64 
Al oxide (g kg-1)  12.6 2.13 3.01 0.74 
CEC- cation exchange capacity, TC-total carbon, TN- total nitrogen, TS- total sulfur, TOC- total 
organic carbon, TIC- total inorganic carbon, DOC- dissolved organic carbon, Fe- iron, Al- aluminium 
and Mn- manganese 
The texture of soil samples varied from loam to loamy sand and pH ranges from 4.45 
to 7.31. The clay content was more in KBA samples and % of sand was higher in 
DUA samples. The level of TOC, CEC, Fe, Al and Mn oxides in MGA samples were 
higher compared to other site samples.  
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8.3.2.1. fMGP site soil samples- physicochemical properties 
Table 8-3 Physicochemical properties of Cootamundra gas plant site soil 
samples 
 Soil parameters Samples from Cootamundra gas plant site 
Soil code Site 1 Site 2 Site 3 
pH  5.77  6.55  6.85  
Clay (%)  5.0  20.0  - 
Silt (%)   10.0  17.1  - 
Sand (%)  85.8  62.93  - 
Total Carbon (%)  13.1 0.98 1.3 
Total Nitrogen (%)  0.54 0.13 0.15 
Total Sulfur (%)  
   Total Organic Carbon (%)  12.8 0.96 1.3 
Cation Exchange Capacity  
(cmol kg-1)  6.75  11.23  6.82  
Fe oxide (g kg-1)  11.93  18.9  16 .0  
Al oxide (g kg-1)  20.48  19.68  23.8  
Mn oxide (g kg-1)  4.23  2.05  4.22  
-: not measured;  
There was not much difference in the physicochemical properties of samples 
collected from three different locations of a gas plant site. 
8.3.3. Bioaccessibility of metals and B[a]P 
8.3.3.1. Bioaccessibility of metals and B[a]P in non-contaminated spiked 
soil samples 
 
The total amount of metals in the soil, the % of bioaccessibility and bioaccessible 
concentration of metals and B[a]P in the UBM extract are presented in Table 8-4. 
The gastric bioaccessibility of Cd in different types of soil vary from 62.1 to 99.7%, 
As- 60 to 84% and Pb -57 to 77%, respectively. The intestinal bioaccessibility of Cd 
is 7 to 42%, As- 52 to 71.8% and Pb-17 to 23.9%, respectively. There was no 
difference in the % bioaccessibility of metals between the soils in both phases. The 
higher bioaccessibility was observed for Cd in the gastric phase and it was low in the 
intestinal phase compared to the gastric phase. B[a]P was undetectable in gastric 
solution and the % of intestinal bioaccessibility was 1.5 to 3.3 % of different types of 
soils.  
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8.3.3.2. Bioaccessibility of metals and B[a]P in fmGP site soil samples 
spiked with metals 
The level of metals and B[a]P in the soil, the % of bioaccessibility and concentration 
in the UBM are presented in Table 8-5. The gastric bioaccessibility of Cd was 55.9 to 
62%, As- 52.5 to 55% and Pb- 54 to 57.8%, respectively. The intestinal 
bioaccessibility of Cd was 3.3 to 4.8%, As-9 to 9.7% and Pb- 2.3 to 3.4%, 
respectively. There was no difference in the bioaccessibility of metals between the 
different sites of soil. The bioaccessibility of B[a]P in the intestinal phase is 3-18%. 
8.3.4. Toxicity of metals and B[a]P in UBM extracts 
The bioassays were conducted with the gastric phase of the UBM extract containing 
metals only. Based on the results of a preliminary study, where B[a]P in the UBM did 
not elicit any kind of response in biological assays (data not shown), the toxicity 
assessment was not carried out for UBM extract containing B[a]P. 
8.3.4.1. Cytotoxicity of metals in the UBM extracts from non-contaminated 
soil spiked with metals 
The metals in the UBM extract (gastric phase) from all four different soils did not 
show significant toxicity to HepG2 cells. Among the metals, only Cd was toxic to 
HepG2 cells and the observed cytotoxicity varies from 10- 33% in different soil types 
(TAA-33% reduction in cell viability).  
8.3.4.2. Cytotoxicity of metals in the UBM extracts from the fMGP site soil 
spiked with metals 
The metals in the UBM extracts from different sites of gas plant site did not show any 
kind of toxicity to cells.  
8.3.5. Oxidative stress response 
The UBM extract containing metals from non-contaminated and gas plant spiked soil 
samples activated the Nrf2 antioxidant response pathway in HepG2-ARE cells. The 
ECIR1.5 values and dose response of metals are presented for metals from non-
contaminated and gas plant site samples in the Table 8-6 and Figures 8-2 to 8-3, 
respectively.  
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Table 8-4 Bioaccessibility of As, B[a]P, Cd, and Pb- Non-contaminated soil samples spiked with B[a]P and metals 
Soil type MGA KBA 
 Cd As Pb B[a]P Cd As Pb B[a]P 
Total soil (mg/kg) 135.6 448.3  1324 .0 36.0 145.8 458.3  1344 .0 118.0 
Gastric concentration (µM) 38.3 ± 5.5 116.3 ± 11.0 288.3 ± 20.4 ND 36.7 ± 4.6 115 ± 2.6 368.3 ± 40.6 ND 
Gastric bioaccessibility (%) 99.7 ± 7.3 77.0 ± 6.3 62.0 ± 4.2 ND 96.6 ± 2.6 84.4 ± 11.4 56.9 ± 22.0 ND 
Intestinal concentration (µM) 0.9 ± 0.15 29.5 ± 5.3 25.2 ± 7.7 0.5 ± 0.53 3.1 ± 0.72 51.9 ± 17.0 33.2 ± 7.8 1.5 ± 0.9 
Intestinal bioaccessibility (%) 7.0 ± 1.2 52.4 ± 13.7 17.0 ± 9.1 2.0 ± 1.7 22.0 ± 7.1 52.42 ± 7.2 18.1 ± 6.1 1.5 ± 1.3 
 
Soil type TAA DUA 
 Cd As Pb B[a]P Cd As Pb B[a]P 
Total soil (mg/kg) 141.0  475.5   1381.0  120.0 139.4  450.1  1377.0 84.0 
Gastric concentration (µM) 35.0 ± 2.6 111 ± 10.6 303.0 ± 31 ND 34.7 ± 5.7 103.0 ± 5.2 294.3 ± 67 ND 
Gastric bioaccessibility (%) 95.4±0.65 64.0 ± 7.4 68.8 ± 10.4 ND 92.13 ± 7.0 60.3 ± 5.4 69.1 ± 24.6 ND 
Intestinal concentration (µM) 2.9 ± 0. 29 39.3 ± 16.2 43.0 ± 9.9 3.2 ± 2.6 5.8 ± 0.66 59.6 ± 8.3 43.3 ± 2.7 3.0 ± 2.0 
Intestinal bioaccessibility (%) 21.6 ± 3.1 71.8± 13.2 22.9 ± 3.8 3.0 ± 2 41.81 ± 6.6 56.7 ± 23.1 23.9 ± 6.1 3.3 ± 2.1 
 
Soil samples were collected from four different locations in Australia, namely, MGA- mount Gambier, KBA- Kersbrook, TAA- Tarrington and 
DUA- Dublin; ND- not detectable; B[a]P- benzo[a]pyrene, As- arsenic, Cd- cadmium and Pb- lead.  
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Table 8-5 Bioaccessibility of As, B[a]P, Cd, and Pb- fMGP site soil samples spiked with metals 
 Site-1 Site-2 Site-3 
 Cd As Pb B[a]P Cd As Pb B[a]P Cd As Pb B[a]P 
Total soil 
(mg/kg) 
180.6 946.2 2717.7 61 182.6 840.7 2516 2 179.1 949.6 2529.15 1.0 
Gastric 
concentration 
(µM) 
50.5  
±  
9.8 
188.1 
±  
14.4 
418.4 
 ±  
69 
ND 
50.3  
±  
12.6 
174.9 
±  
12.0 
389.2 
±  
81 
ND 
52.6 
±  
2.5 
188.6 
±  
22.9 
372.6  
±  
44.6 
ND 
Gastric 
bioaccessibility 
(%) 
58.4  
±  
11.5 
53.9 
 ±  
6.8 
57.8 
 ±  
12 
ND 
55.9 
 ±  
16.7 
55.0  
±  
4.8 
54.0 
 ±  
20 
ND 
62.0 
± 
2.8 
52.5 
 ±  
5.3 
54.7 
 ±  
9.7 
ND 
Intestinal 
concentration 
(µM) 
0.80 
 ±  
0.3 
11.72 
 ±  
0.8 
8.9 
 ±  
1.0 
1.73  
± 0 
.27 
0.69 
 ±  
0.8 
10.7  
±  
1.9 
6.14  
±  
0.93 
0.2  
±  
0.1 
0.55 
±  
0.6 
12.7 
 ±  
2.0 
3.4 
 ±  
3.6 
0.16 
± 
0.04 
Intestinal 
bioaccessibility 
(%) 
4.8  
±  
1.9 
9.0 
 ±  
0.6 
3.4  
±  
0.4 
3.25  
±  
1.0 
4.1  
±  
0.8 
9.2  
±  
1.6 
2.8  
±  
0.09 
11.5 
±  
3.5 
3.3  
±  
0.6 
9.7 
 ±  
1.5 
2.3 
 ±  
0.14 
18 
 ± 
 0.1 
 
Soil samples were collected from Cootamundra site, NSW, Australia. ND- not detectable; B[a]P- benzo[a]pyrene, As- arsenic, Cd- cadmium 
and Pb- lead. 
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In the non-contaminated spiked soil, the ECIR1.5 of Cd varies from 0.5-3.6 µM, As - 
1.6 -3.5 µM and Pb - 3.6-14.8 µM, respectively. In the case of samples from the 
fMGP site, the ECIR1.5 of Cd is 1.0-2.4 µM, As - 2.7-3.4 µM and Pb - 6.05 - 6.6 µM, 
respectively. 
Table 8-6 Arsenic, Cd and Pb in UBM extract from soil samples spiked with 
metals - activation of the Nrf2 antioxidant response pathway in the ARE 
reporter-HepG2 cells 
Non-contaminated soil samples spiked with metals 
Soil type Activation of Nrf2 antioxidant response pathway (ECIR1.5 µM)  
 Cd As Pb  
MGA 0.51 3.5 14.8  
KBA 0.72 1.6 3.6  
DUA 3.3 2.5 7.2  
TAA 3.6 2.11 6.45  
Gas plant site soil samples spiked with metals 
Site-1 2.4 2.7 6.6  
Site-2 1.0 3.4 6.05  
Site-3 1.6 2.7 6.2  
8.3.6. Mixture study- oxidative stress response of mixtures of metals 
Based on the individual dose response study, binary mixture study was carried out 
for metal mixtures using a UBM extract from non-contaminated soil spiked with 
metals (KBA soil samples). The ECIR1.5 values and dose response of metal mixtures 
are presented in Table 8-7 and Figure 8-4, respectively. All three mixtures of metals 
activated the Nrf2 pathway and the mixture of As +Cd showed more activation 
potential compared to other mixtures.  
Table 8-7 Binary mixtures of metals from non-contaminated soil spiked with 
metals –activation of the Nrf2 antioxidant response pathway in HepG2-ARE 
cells 
Individual metals (ECIR1.5 µM) Binary mixtures of metals (ECIR1.5 µM) 
As Cd  Pb As +Cd As + Pb Cd + Pb 
1.6 0.72 3.6 1.0 2.9 2.8 
Predicted response-CA model 2.9 2.6 2.7 
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Figure 8-2-A: MGA soil samples                                                       Figure 8-2-B: KBA soil samples 
       
Figure 8-2-C: TAA soil samples                                                         Figure 8-2-D: DUA soil samples 
Figure 8-2 Dose response of As, Cd and Pb in UBM extracts from non-contaminated spiked soil samples for activation of 
the Nrf2 antioxidant response pathway in the ARE reporter-HepG2 cells after 24 h exposure 
IR- induction ratio; As- arsenic, Cd- cadmium and Pb- lead. 
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Figure 8-3-A. fMGP site soil samples (site 1) spiked with metals 
 
Figure 8-3-B. fMGP site soil samples (site 2) spiked with metals 
 
Figure 8-3 Dose response of As, Cd and Pb in UBM extracts from fMGP site 
soil samples spiked with metals for activation of the Nrf2 antioxidant response 
pathway in the ARE reporter-HepG2 cells after 24 h exposure 
IR- induction ratio; As- arsenic, Cd- cadmium and Pb- lead. 
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Figure 8-4 Dose response of binary mixtures of As, Cd and Pb in UBM extracts 
from non-contaminated soil (KBA) spiked with metals for activation of the Nrf2 
antioxidant response pathway in the ARE reporter-HepG2 cells after 24 h 
exposure 
IR- induction ratio; CA- predicted response of concentration addition model; As-
arsenic; Cd- cadmium; Pb-lead.  
 154 
 
8.4. Discussion 
The assessment of bioaccessibility and bioavailability are important for risk 
assessment of contaminants in the soil. The approach of bioaccessibility assessment 
has the potential to make a significant impact on the risk assessment of 
contaminants exposed through oral ingestion.  
In this study, the bioaccessibility of the three metals in different soil types, including 
non-contaminated and gas plant spiked soil has been assessed using the UBM 
method. The bioaccessibility of all the three metals is relatively higher in gastric 
phase compared to the intestinal phase, especially for Cd. The possible reason for 
high bioaccessibility of Cd is due to its high solubility in the acid phase and the 
bioaccessible fraction is derived from soluble and exchangeable fraction in soils. In 
the intestinal phase, bioaccessible Cd was dropped, this could be due to re-
adsorption of Cd in soil components, complexation by pepsin and chemical 
precipitation due to an increase in the pH of the intestinal phase (Aziz et al. 2015, 
Xia et al. 2016). There was not much difference between both phases of 
bioaccessibility for As and Pb. The bioaccessibility of metals did not differ between 
the soil types of non-contaminated spiked soils. 
The bioaccessibility of metals was low in both gastric and intestinal phases of gas 
plant site soil samples spiked with metals compared to non-contaminated soils. The 
observed difference is large for Cd in gastric phase and for all the metals in the 
intestinal phase. Studies suggested that the lower bioavailability of metals was 
observed in contaminated soil from the mining site containing mining waste or other 
inorganic minerals such as coal ash (Ruby et al. 1992, Rieuwerts et al. 2000, 
Schaider et al. 2007). 
The obtained %bioaccessibility of B[a]P is low compared to metals (1.5 to 18%) in 
both non-contaminated and gas plant site soils. The assessment of bioaccessibility 
in fed state is considered as a worst case scenario for PAHs. The bioaccessibility of 
PAHs was improved with the modified UBM method, compared to the fasted state 
(Cave et al. 2010, Lorenzi et al. 2012). Here, we have not used the fed state 
condition; the reason is to have same physicochemical and physiological condition of 
the stomach and small intestine for both metals and PAHs.  
 155 
 
Cytotoxicity 
 The bioaccessible fraction of metals in the gastric phase did not cause toxicity to 
HepG2 cells except Cd (max. of 33%). The concentrations used in this study were 
very low to elicit the cytotoxic response in this assay. In our previous study with pure 
solutions of B[a]P and metals (Chapter 4), the toxicity was observed at higher 
concentrations and the IC50 values of Cd, As and Pb is 2.5, 150 and 190 µM, 
respectively (Muthusamy et al. 2016a). The concentrations in this study were very 
low compared to our previous study with the pure solutions and did not cause 
cytotoxicity. 
Oxidative stress response 
The metal in the UBM extracts of both non-contaminated and gas plant site spiked 
soils activated the antioxidant pathway in HepG2-ARE cells. The mixture of metals in 
the UBM extract from KBA soil also activated the antioxidant pathway and there was 
no difference between the CA predicted and observed response with the exception 
of under-prediction of mixture effect of low concentration combinations. The effect of 
individual and mixtures of metals on the Nrf2 antioxidant response pathway is 
supported by our previous report, Muthusamy et al. (2016b), where, the individual 
and mixtures of metals activated the Nrf2 antioxidant response pathway. The metals 
in both UBM extract and MQ water (Muthusamy et al. (2016b)) activated the Nrf2 
antioxidant pathway. The observed ECIR1.5 values of metals from different soils are 
different to that of the metals in MQ water. These differences could be due to the 
salts that are present in the UBM solution which might chemically interact with the 
metals that in turn affected the effects of metals on the Nrf2-antioxidant response 
effect. 
8.5. Conclusions 
In this study, the bioaccessibility and toxicity assessment of metals and PAHs in soil 
were assessed using the UBM method and HepG2 cell based bioassays, 
respectively. The UBM method is useful to assess the bioaccessibility of both metals 
and PAHs (B[a]P). “The observed bioaccessibility is low for B[a]P and further 
evaluation by including the fed state may yield more information how this state 
affects bioaccessibility The bioaccessible fraction of metals did not show any toxicity 
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to HepG2 cells, but at these concentrations, they elicited the oxidative stress 
response either individually or in binary mixtures. This approach can be extended to 
other mixtures in the environment with improved bioaccessibility methods.  
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9. General discussion and conclusions 
 
Many environmental pollutants have been associated with human diseases. Our 
current knowledge of chemical induced adverse health effects is mainly limited to the 
toxicity of the individual chemicals. For the majority of chemicals, its individual 
toxicity is well documented, for example, arsenic and skin, lung and bladder cancers; 
dioxin and chloracne; lead and neurotoxicity; benzo[a]pyrene and lung cancer. The 
scientific community increasingly recognizes the adverse effects associated with 
chemical mixtures are a serious concern. The task of generating data for all the 
possible combinations of mixtures would be difficult due to various factors, including 
an infinite number of combinations, difficulty in the selection of the dose range, 
application of statistics to interpret the data and decision to select which mixture is 
important to evaluate for risk assessment compared to others. Due to this, risk 
assessment of most of the contaminated sites is carried out based on individual 
chemical data and additivity is the rule generally considered for risk assessment of 
chemical mixtures. This approach may over- or under-estimate the actual risk. 
Among the various environmental contaminants, PAHs and metals pose a serious 
threat to human health. Human exposure to this mixed contamination is ubiquitous in 
the indoor and outdoor environment. The individual toxicity of PAHs and metals are 
regularly updated by various agencies like WHO, US EPA, ATSDR, and IARC. But 
the current knowledge of this chemical mixture toxicity is limited. Much of the 
concern and knowledge about the toxicity of PAHs and metal mixtures stem from the 
limited data of the effects of metals on the metabolism and genotoxicity of PAHs 
(Vakharia et al. 2001, Maier et al. 2002, Mukherjee et al. 2004, Lewińska et al. 2007, 
Simon et al. 2014) and is mostly based on binary mixtures. But the available data did 
not provide any conclusive evidence for interaction between these chemicals. It is 
clear that these mixture effects on various toxic endpoints are required to understand 
their combined toxicity so that a more refined risk assessment can be achieved.  
The NRC (NRC 2007) recommends the use of in vitro assays as the principal 
approach to characterize the toxicity of the individual chemicals or mixtures. The in 
vitro approach is useful to elucidate the chemical exposure related changes in 
cellular response and toxicity pathways to fill the knowledge gaps. In addition, this 
approach facilitates high throughput screening of chemicals at concentrations 
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relevant to human exposure and human cell line based predictive models are useful 
to address the uncertainties. Most of the reported data on chemical mixtures focus 
on a single toxic endpoint and the mixture toxicity is predicted using the traditional 
models of CA and IA despite, in most cases, the mode of action of chemicals is not 
known. The approach of characterizing the mixture toxicity on a single endpoint is 
not sufficient to predict or determine the interaction between these chemicals and 
cannot be correlated to whole biological systems. For example, the effect of mixtures 
on cytotoxicity alone does not provide any conclusive evidence of mixture 
interaction, where the chemicals in the mixture are known to be carcinogenic. Apart 
from this, use of different cell lines for different endpoints also may not provide any 
conclusive evidence for a mixture interaction, such as testing cytotoxicity in one cell 
line and genotoxicity in another. 
In this project, a unique approach of using a single test system (HepG2) based 
bioassays was used to evaluate the effect of mixtures on various toxic endpoints. 
The following diagram provides the details of the approach and biological endpoints 
evaluated in this study (Figure 9-1). The parameters were selected based on the 
knowledge of the individual toxicity of PAHs and metals. It is expected that the 
mixture data on various biological endpoints could provide a clearer picture of 
mixture toxicity and would also be helpful to select further mechanistic studies for 
better understanding. In addition, the in vitro bioaccessibility methods were used to 
assess the bioaccessibility and toxicity of these chemicals in the soil.  
A high throughput suite of toxicity assays for various endpoints was used in this 
study and all the bioassays are based on the single HepG2 cell line test system, 
which also included the Nrf2 or AhR reporter gene system. For the purpose of 
mixture toxicity evaluation, two different reporter gene systems and a flow cytometry 
based genotoxicity assay were standardised to our laboratory conditions. The 
HepG2-ARE cells based Nrf2 activation assay was used to measure the oxidative 
stress response and the study protocol was standardised for the mixture studies. 
The HepG2-CAFLUX assay system (AhR activation) was developed by transfection 
of HepG2 cells with GFP protein containing DRE (dioxin response element) and 
used for measurement of AhR activation. A flow cytometry technique was 
standardised using a commercial kit to evaluate the genotoxicity. The effects of 
mixtures on various toxic endpoints are summarised in Table 9-1.  
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Figure 9-1 Summary of toxicity evaluation of mixtures of PAHs and metals 
Cytotoxicity 
The individual, B[a]P and metals were toxic to HepG2 cells. Among these four 
chemicals, Cd is the most potent, followed by B[a]P, As and Cd. Based on these 
results, the cytotoxicity of binary to quaternary mixtures of B[a]P and metals were 
evaluated. All the mixtures were toxic to HepG2 cells and the combination index (CI)-
isobologram method predicted the cytotoxic response of synergism, additivity or 
antagonism at various levels of the mixture combinations. In comparison with 
classical prediction models, the CI method could improve the predictive power and 
predict the dose dependent effects of mixtures. There are reports available on the 
toxicity of metal mixtures and the reported data vary from less than additive, additive 
and more than additivity (Bae et al. 2001, ATSDR 2004, Klutse et al. 2009). This is 
the first report on the combined toxicity of B[a]P and metals in human cell lines and 
used the CI- isobologram method to predict the mixture toxicity. This data provides 
the basic information about this mixture toxicity and could be useful to select the 
concentrations for other biological endpoint studies. The CI-model predicted the 
dose dependent interaction effect, however this finding needs to be correlated with 
other biological endpoints for better understanding.  
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Oxidative stress 
The effect of individual and mixtures of four PAHs and three metals on the Nrf2 
antioxidant response pathway was evaluated in HepG2-ARE cells. The Nrf2 
antioxidant response pathway plays a major role in the cell defense against 
chemically induced oxidative stress. The effects of chemicals on oxidative stress are 
assessed based on their ability to activate the Nrf2 antioxidant response pathway. 
Both the individual and binary to seven-component mixtures of PAHs and metals 
activated the antioxidant response pathway. These results indicate the key role of 
oxidative stress in the toxicity of both PAHs and metals. The CA model could well 
predict the mixture effects with the exception of underestimation of the effects of few 
mixtures at lower and higher combinations, respectively. This indicates that there is a 
possibility for more than the additive effect of these mixtures at the selected 
concentrations. This study is the first report of the effects of both PAHs and metals 
on the oxidative stress response and used the prediction model to assess the effects 
of mixtures.  
The study of mixtures of PAHs and metals on cytotoxicity and oxidative stress 
indicates i). Individual and mixtures of B[a]P and metals were toxic to HepG2 cells 
and ii). Oxidative stress could be one of the initiating factors of the observed toxic 
effects. To understand the role of oxidative stress in the toxicity of mixtures, the 
binary mixtures of B[a]P and metals, and their effect on ROS generation and total 
GSH level were determined, and subsequent effect on cytotoxicity is evaluated. The 
role of ROS and total GSH (protection against toxicity) in metal toxicity is reported 
extensively. The mixtures increased the ROS generation compared to individual 
chemicals. But the effect of mixtures on the total GSH level varies depending on the 
components of the mixtures. Metal mixtures decreased the total GSH level and B[a]P 
with metals increased the total GSH level, respectively. This protective effect of 
mixtures of B[a]P and metals were generally well correlated with their cytotoxicity. 
The observed cytotoxic response is low in mixtures of B[a]P and metals compared to 
metal mixtures. The ability of metals to generate ROS and depletion of glutathione 
are considered as the underlying mechanisms of toxicity of metals. In general, both 
individual and mixtures of B[a]P and metals are having a similar mode of action on 
the ROS generation i.e increasing the ROS generation. In the case of GSH, 
individual chemicals increased the total GSH level when treated alone, but in the 
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mixtures, they have resulted in the opposite effect (increase by B[a]P and metal 
mixtures and decrease by metal mixtures). The observed effects of theses mixtures 
on the total GSH level could be transient, further studies with long-term exposure are 
required to understand the effects of B[a]P and metal mixtures on the total GSH 
level. 
Genotoxicity 
PAHs are indirect genotoxicants and metals are known for their co-mutagenicity. A 
flow cytometry based micronucleus test and AhR activation assay were used to 
assess the effects of PAHs and metals mixtures on genotoxicity and metabolism, 
respectively. The mixture induced changes in the cell cycle parameters were also 
assessed. Binary to quaternary mixtures of B[a]P and metals increased the MN 
formation and AhR activation compared to B[a]P alone, but the mixtures of PAHs 
decreased the genotoxicity and AhR activation of B[a]P. There was no significant 
differences in the genotoxicity of seven-component mixtures compared to either 
B[a]P or metals. The changes in the cell cycle parameters and AhR activation are 
correlated with genotoxicity of mixtures. The genotoxicity of PAHs and metal 
mixtures could be concentration and component dependent; when the concentration 
of metals decreased in the total mixtures, they did not result in a significant increase 
in the genotoxicity of B[a]P. So, the concentration of the individual chemicals plays a 
key role in the outcome of toxicity of mixtures. The possible reasons suggested for 
co-mutagenicity of metals include oxidative stress and associated changes in AhR 
activity, and inhibition of DNA repair mechanism. The competition for binding to 
metabolic enzymes could be one of the reasons for the observed reduction of 
genotoxicity with B[a]P and PAHs mixtures.  
The in vitro bioaccessibility method, UBM, a previously validated in vitro 
bioaccessibility method for the prediction of bioavailability is a suitable method to 
assess the bioaccessibility of metals and B[a]P in the soil. The toxicity evaluation of 
bioaccessible fraction of metals and B[a]P provides relatively accurate information 
about the toxicity of metals and B[a]P in the soil. The UBM method suggested that 
bioaccessibility of PAHs in spiked and real environmental soils are relatively low. The 
UBM method for assessment of PAH bioaccessibility would benefit from an in vivo 
validation and calibration. 
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Table 9-1 Summary of toxicity of mixtures of PAHs and metals 
Parameters Chemicals Key findings 
Cytotoxicity-MTS 
assay 
B[a]P and metals The CI-isobologram method 
predicted dose dependent 
interaction - additivity, 
synergism or antagonism 
 
Oxidative stress- Nrf2 
antioxidant response 
pathway 
PAHs and metals Similar mode of action- 
activation of the Nrf2 
antioxidant response 
pathway-well predicted by 
the CA model  
 
ROS generation 
 
B[a]P and metals Increased by all mixtures 
and changes correlate with 
cytotoxicity 
 
Total GSH level B[a]P and metals Changes in GSH level 
correlate with cytotoxicity 
 
Genotoxicity - Flow 
cytometry MN test 
PAHs and metals Genotoxicity of B[a]P- 
increased by As, Cd and/or 
Pb; decreased by Nap, Phe 
and/or Pyr. No significant 
changes at higher order 
mixtures 
 
Cell cycle parameters 
 
PAHs and metals Mixtures of B[a]P and 
metals reduced the cell 
population in G1 phase and 
accumulation in S and G2/M 
phases, respectively. 
 
No changes in cell cycle 
parameters were observed 
with mixtures of B[a]P and 
PAHs 
 
AhR activation- 
HepG2-CAFLUX assay 
PAHs and metals AhR activation of B[a]P- 
increased by As, Cd and/or 
Pb; decreased by Nap, Phe 
and/or Pyr 
 
Overall, the observed toxic effects of mixtures are well correlated with the toxicity 
profile of individual chemicals. In general, the reported data of mixture toxicity of 
PAHs and metals on various parameters are inconsistent. Eg. Interaction profile for: 
Arsenic, cadmium, chromium and lead (ATSDR 2004) and effect of metals on 
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metabolism and genotoxicity of PAHs. In our studies, the observed changes in one 
biological endpoint can be correlated with other.  
1.  The observed mixture effects on the oxidative stress are well correlated with 
observed cytotoxicity,  
2. Changes in cell cycle parameters, effects of metal or PAHs on AhR activation 
can be correlated with observed genotoxicity of mixtures. 
Based on the effects of mixtures on various toxic endpoints, this study suggests that 
oxidative stress is one of the common modes of action of both PAHs and metals, 
and could be one of the initiating events for this mixture toxicity. In addition, the 
interaction effect of metals or PAHs on the metabolism of B[a]P also determines the 
outcome of toxicity.   
The major outcomes of this study are as follows. 
1. Individual chemicals and their concentrations in the mixture determine the 
outcome of mixture toxicity and prediction. 
2. The predicted and observed toxicity of mixtures vary depending on the 
biological endpoints.  
3. Using a single test system based approach provides a clearer idea about the 
effects of mixtures on different endpoints than a multi-test system approach. 
4. The study design and prediction models also play a major role in the outcome 
and interpretation of mixture toxicity. The combination index (CI)-isobologram 
method predicted the cytotoxic response of synergism, addition or antagonism 
at various levels of the mixture combinations. But the CA or IA model only 
provide information on the effects of the entire mixture as concentration 
addition or independent, respectively. 
5. The mathematical models (CA or IA model) for mixture toxicity prediction 
could not be applied to all biological endpoints. Most of the prediction models 
required the details of the slope of dose response curve and concentration of 
individual chemicals that results in 50% or 30% or 10% of the effect. In the 
case of genotoxicity, the IC50 is not applicable (the results of genotoxicity are 
generally expressed as positive or negative for genotoxicity). For other 
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biological endpoints such as ROS production and GSH level, the full dose 
response effect could not be achieved due to the interference of toxicity at 
higher concentrations that did not allow defining the dose response effect. In 
addition, the prediction models are not useful when the mixtures containing 
non-active chemicals. For example, Nap, Phe and Pyr were not toxic to 
HepG2 cells and the cell viability is not affected till the maximum feasible 
(soluble) concentrations. So, the IC50 or any inhibitory concentration could not 
be calculated. As mentioned above, in the absence of inhibitory concentration 
and slope of the dose response curve, the mixture toxicity could not be 
predicted for mixtures containing both active and inactive chemicals. 
6. The interaction between the mixtures becomes complex for higher order 
mixtures (ternary and higher orders) and it is difficult to explain the mixture 
toxicity based on the mechanism of action of chemicals due to the complexity 
of the interaction. 
7. High throughput in vitro assays are extremely useful to determine the effects 
of mixtures on the toxic pathway and associated outcome of toxicity.  
8. Use of bioaccessible fractions of metals and PAHs from soil to evaluate the 
toxicity will provide a meaningful data on the toxicity of these chemicals in the 
soil environment. The combined approach of in vitro bioaccessibility and cell 
based bioassays is a useful method to evaluate the toxicity of individual or 
mixtures in soil. 
In short, data from this current study suggest that the combined toxicity of PAHs and 
metals is dose, and mixture type, and biological endpoint dependent. The traditional 
dose addition or effect model may over- or under-estimate potential risks of these 
mixtures. A suite of bioaccessibility and toxicity evaluation protocols such as those 
utilised in this thesis for obtaining site specific data can afford a better-informed risk 
assessment of site contamination of mixtures. 
Future directions  
1. In this study, the in vitro assays based on human cell lines were used to 
evaluate the toxicity of several common cellular responses and toxic effects. 
The toxicity evaluation of mixtures can be extended to other endpoints like 
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apoptosis, p53 mediated DNA damage, metal stress response and other 
adaptive responses for a more comprehensive understanding of adverse 
effects. 
2. In this project, only seven chemicals were used for evaluation of interaction 
effects. The evaluation of mixture toxicity can be extended to other PAHs and 
metal mixtures which causes adverse health effects in humans. 
3. Even though the in vitro assays are useful to understand the effects of 
chemicals on various cellular responses and pathways. But the translation to 
human health assessment needs further refinement. The traditional approach 
of animal toxicity study will provide further insight into mixture toxicity. For 
example, in vivo studies are useful to understand the effects of mixtures on 
neurological signs and other clinical signs of toxicity. The data from in vivo 
studies can be useful for following prediction and mechanistic studies. 
i. PBPK models for mixture prediction 
ii. Gene induction studies 
iii. Biomarker of oxidative stress 
4. At present, the in vitro assays were conducted for each biological endpoint. 
For example, cytotoxicity and oxidative stress response are evaluated using 
different treatment protocol. The approach of integrating the related endpoints 
(cytotoxicity, apoptosis and oxidative stress) in a single assay will be useful 
for better understanding.  
5. The major limitation of the in vitro approach is the duration of treatment; most 
of the assays use a 24 h or acute exposure protocol. But the chemicals are 
exposed for a longer period in the real environment. Hence, development of 
assays with a longer exposure period will be useful to correlate with in vivo 
effect. 
6. Confirmation of a suitable method for bioaccessibility (e.g. UBM) of both metal 
and PAHs in the soil for the prediction of bioavailability will be helpful for the 
understanding of mixture toxicity in soil and inform the risk assessment 
process. 
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